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INTBODUCTION  AND 
SUMMARY 


In  September  1974,  the  National  Research 
Council  presented  the  report  Air  Quality  and 
Automobile  Ernission  Control  to  the  U.S.  Senate 
Committee  on  Public  Works,     That  report  examined 
the  health  effects  of  a  number  of  pollutants 
(carbon  monoxide,   nitrogen  oxides,  oxidants, 
sulfur  oxides,  and  particuXates}  ,  reviewed  the 
state  of  knowledge  about  tl^e  relationship 
between  emissions  of  pollutants  from,  automobiles 
and  ambient  air  quality,   and  pre'Sented  a 
discussion  axid  knalysis  of  the  co^ts  and 
benefits  of  automobile  emission  control.  At 
hearings  held  by  the  Senate  Committee,  Senator 
Jennings  Randolph   (D,,  W.Va,)   indicated  a  need 
for  a  similar  review  of  sulfur-related 
pollutants  from  stationary  sources •     The  Senator 
formally  requested  such  a  review  in  a  letter  of 
September '18, 1974  to  Dr,   Philip, Handler, 
President  of  the  National  Academy  of  Sciences 
(see  p.  xiv)  .     Dr.   Handler  replied  on  October  24 
(see  pp.  xv-xvi) .     Although  Senator  Randolph's 
request  related  only  to  sulfur  oxides  and 
particulates,  it  seemed  useful  and  appropriate 
to  include  in  the  report  a  review  of  the  extent  / 
of  the  problem  of  nitrogen  oxide  emissionis  from 
stationary  sources  and  the  techniques  available 
for  abatement  of  these  emissions  as  well. 

The  Environmental  Protection  Agency  has 
^established  ambient  air  quality  standards  for 
certain  air  pollutants.     A  table  of  currently 
mandated  air  quality  standards  can  be-  found  on 
p.  xliii.     Th^  states  were  to  devise  implementation 
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^  Sept'c«ber  10,  1974 


Dr,  Philip  a«adl«jr 
President 

Hatiooal  Acadeay  of  Sciences  ^ 
.  2101  Constitution  Atcqus,  Nortbvest 
Washington,  D.  C.  20418 

Desr  Dr.  Ilsndlsr;  *'  • 

Pursuant  to  discussions  between  us  and  our  ataffa,  I  requeat 
preparation  of  additional  infor««tion  to  aupplenent  tha  Academy  leport 
to  the  CoMittea  on  Public  Works  (|p  the  health  effecta  of  air  pollutanta. 

Firat,  in  ordsr  to  aaalst  the  CoHslttea  in  undaratanding  the 
l»plicsticna  of  current  infonutibn  regarding  tha  health  af facta  of  aulfur 
oxidea,  tha  Co«ittee  vould  appreciate  a  aore  coaplete  auwary  of  infor- 
•acicn  aaaaabled  for  tha  aubwltted  report  and  an  analyaia  and  validation 
of  tha  availabla  data  on  aulfataa. 

Second,  the  CuMlttl^  would  appreciate  receiving  an  analyaia  of 
the  aabient  air  quality  impact  of  varioua  atratagiea  propoaed  for  reduction 
of  aulfur  oxida  and  particulate  cKlaaiona.    ^e  ara  intareated  In  the  Impact 
of  auch  acrategiea  on  both  urban  jpd  rural  aulfur  dioxlda  and  aulfata 
concent rat io&a  and  on  the  relationahip  between  tha  etrategiee  propoeed  and 
the  tima  in  which  air  quality  protective  of  public  health  can  be  echieved. 

The  Committee  recognizee  the  conetreinte  under  which  the  Aciedemy 
will  operate  to  deliver  the  atudy  by  March  1,  1975,  with  the  uae  ol  exieting 
ecieatific  and  air  quality  deta.    You  may  alao  limit  the  area  for  the  aecond 
etudy  to  ehat  geogrephic  region  identified  by  EPA  ee  heving  e  aignif leant 
aulfur  oxida-related  ambient  air  quality  problem. 

fiecauee  of  their  concern  end  their  legielative  reeponeibllltlee  in 
thie  aree,  I  am  aending  copiee  of  thia  latter  to  Senatore  Baker,  Huekle 

and  Buckley.  * 

I  eameat*^  hope  the  Netional  Acedemy  of  Sciencee  will  be  eble  to 
act  expeditioualy  on  the  request  which  will  conclude  the  current  contracte 
with  tha  Committee  on  Public  Works  and  utilise  the  funds  which  heve  not 
been  expanded.  * 


With  beet  regerds,  I  on 


Truly , 


cc:    Senatdr  Hcwsrd  H.  Baker 
Senator  Edmund  S.  tfciakie 
Senator  Jamea  L.  Buckley 
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National  Academy  of  SciencTes 


^      October  24,  1974 


The  Honorable  Jenningo  Randolph 

Chairman  ^ 
Conzalttee  on  Public  Worka 
United  StQteo  Senate  / 
Waahington,  D.  C.  20510 

Dear  Mr.  Chairman: 

In  reaponae  to  your  letter  of  September  18  and  aa  dlacuoaed  in 
coertnga  between  the  Senate  <:ottmit tee  and  National  Academy  of  Sciencea 
□  taff,  we  are  prepared  to  undertake,  for  the  Senate  Public  Workla 
Cotznlttee,  a  otudy  which  would  examine  certain  aapecta  of  the  Control 
of  aulfur  oKlde  and  particulate  emiaalona,     Thia  atudy  would  ^e  a 
logical  oequel  to  those  otudlea  already  completed.     Although  the 
Academy  operates  under  certain  constrainta  which  make  difficult  a 
reoponoe  in  a  very  abort  time,  we  recognize  that  the  legiali^tlve  needo 
of  the  Cocalttee  are  urgent.     A  uaeful  review*  of  (1)  the  at^te  of 
knowledge  of  the  health  effects  of  aulfur  oxldea  and  part lofulatea 
(much  of  which  hao  already  been  supplied  to  ^he  Committee),   (2)  the 
impact  of  power  plant  'emission  control  strategies  on  ambient  air 
quality,  and  (3)  the  more  general  consequenceo  of  thooe  control  strat- 
egleo  can  be  attempted  within  the  time  specified  In  your  letter— that 
ia,  by  March  1,   1975.     However,  It  will  be  necesaary  that  thia  otudy 
build  upon  and  make  use  of  certain  already  ongoing  NAS  activities  ao 
described  In  thia  letter. 

One  part  of  the  study  t/lll  evaluate  and  expand  the  data  on  the 
health  effects  of  sulfur  dioxide,  particulates,  and  sulfates  which 
were  used  In  the  preparation  of  the  recent  report  for  the  U.  S,  Senate 
Committee  on  Public  VJorks.     The  discussion  will  Indicate  which  studies 
provide  useful  Information  In  the  following  categories:     animal  studies, 
human  laboratory  studies,  a^d  epidemiological  Investigations,  The 
methods  being  developed  for  making  size  and  chemical  charac terlzationo 
of  sulfates,  as  well  as  the  data  h&se  presently  available  from  epidemio- 
logical studies,  win  be  Included.     In  addltl  on,  the  possible  role  of 
the  automotive  catalyst  In  Increasing  levels  of  sulfate  will  be  con- 
sidered.    Also,  an  examination  will  be  made  of 'the  known  ecological 
Impacts — acid  rains,  vegetation  damage,  etc. — of  sulfur  oxide  and 
particulate  emissions.  '  i 
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The  Honorable  Jennlngu  flondolph 
October  24,  1974 
Page  Tt7o 


The  otucly  will  aliio  onaralne  what   it}  now  known  about  otrategloo  for 
the  red^jctlon  of  oralaolono  of  particulate  matter  and  oulfur  oJtldeo.  In 
particular,  an  Invcot Igat Ion  of  air  pollution  problenm  aoooclated  with 
electric  utility  generation  by  coal  and  oU-flred  power  planto  will  be 
undertaken.     The  geogrQ»hlcal  area  to  be  eaphaolzed  In  the  otudy  lo  thd 
Eaotern  part  of  the  United  Stateo,  where  wldeopread  oulfiir  oxlde-relatcd 
ambient  air  quality  problena  exliit  ,     The  Investigation  uHl  center  about 
the  analyolu  of  atrategleo  and  comb Inat lono  of  otrategleo  to  meet: 
(1)  preoent  natlortal  ambient  air  quality  otandardo  for  particulate  matter 
and  oulfur  ojcldeo,  and  (2)  other  Important  health/welfare-related  goalo, 
for  e«anple,  pooolble  atandardn  for  oulfateo  and  fine  particulates 

Control  otrategleo  and  comblnatlono  of  otrategleo  will  be  analyzed 
with  the  following  parametero  In  mind: 


—  time  when  ale  quality  standards  and  gOalo  are  to 
be  ms  t ; 

ImpactG  of, Implement Ing  the  various  otrateglen; 

expectatlonri  for  electrical  energy  generation  and 
demand  within  the  time 'period  otudles;       '  . 


Available  Information  on  the  significance  of  nitrogen  oxldeg  *from 
ocatlonary  sourceo  and  control  technologies  for  theae  emioolons  will  be  / 
evaluated . 

Briefly,  this  Investigation  will  review  the  technical  aopects  of 
policy  options  (as  they  have  been  developed  In  the  available  literature, 
preoentatlons,  and  reportg)   for  protecting  public  health  and  controlling 
air  pollution  problems  from  coal  and  oM-flred  power  plants.  Existing 
scientific,   technological  and  air  quality  data  will  be  used;  where 
uncertainties  exist   In  the  data  base  and  In  known  effects,  these 
uncertainties  villi  be  delineated. 

The  Academy  Is  pleased  to  be  of  assistance  to  the  Committee  In 
these  matters. 


present  technological  control  capabilities  as 
as  ant^lclpated  capabl^tles  within  the  t  Ime 


Sincerely, 


Pres Ident 
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plans  which  would  reduce  emissions  so  as  to 
achieve  these  ambient  air  quality  standards. 
EPA  has  also  established  standards  of 
performance  for  new  stationary  sources;  the 
standards  for  fossil  fuel-fired  steam  generators 
can  be  found  on  »p.  >sliv.' 

The  control  of  suirur  oxide  emissions  from 
stationary  sources  is  clearly  a  controversial 
topic-     A  glance  at  the  daily  newspapers 
demonstrates  the  extent  of  the  controversy. 
Full  page  advertisements  debate  the  virtues  and 
defiGlencies  of  systems  of  control ^   and  the 
debate  is  made'  all  the  more  immedial^  by  urgent 
problems  of  enjergy  supply  and  demand. 

The  task  of  the  National  Research  Council 
has  been  to  examine  and  evaluate  the  existing 
data.     The  goal  has  been  to  present  to  the 
Public  VJorks  Committee  scientific  judgments 
concerning  the  state  of  knowledge  of  the  effects 
of  emissions  from  stationary  "Sources  and  of  the 
techniques  and  strategies  available  for  their 
control. 

Information  concerning  neither  the  magnitude* 
of  the  deleterious  effects  of  sulfur  oxide 
emissions^  nor  ^he  atmospheric  chemistry  of 
sij^lfur  oxides,  nor  the  control  of  emissions  has 
been  found  to  be-  sufficiently  reliable  and 
extensive  to  permit  resolution  of  the  attendant 
controversies  with  a  high  degree  of  confidence. 
This  report  indicates  that  there  are 
considerable  uncertainties  concerning  the  extent 
of  the  harmful  effects  of  sulfur  oxide 
emissions,  the  molecular  species  responsible  for 
the  effects,  and'' the'-^  specif  ic  relationships 
between  point  source  emissions  of  sulfur  dioxide 
and  .regional  patterns  of  formation,  dispersion,^* 
and  depositiorl'X>f  sulfates.     Based  upon  the 
Community  Health  and  Environmental  Surveillance 
System  studies  qonducted  by  the  U.S. 
Environment^al  Protection  Agency,  there  appears 
to  be  an  association  between  a  level  of  sulfate 
of  8^  to  12  micrograms/cubic  meter  in  the  ambient 
air  and  adverse  health  effects  in  elderly 
persons  with  heart  and  lung  disease  and  persons 
with  asthma.     Somewhat  higher  levels  of  sulfate 
(13  to  15  micrograms/cubic  meter)   appear  to  be 
associated  with  increased  prevalence  of  chronic 
bronchitis  in  adults,   increased  acute  lower 
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respiratory  disease  and  decareased  lung  €unction 
in  children^  and  increased  frequency  of  acute 
respiratory  disease.     Within  these  broad 
categories  practically  ev^ry  individual  would  be 
included^  inasmuch  as  most  persons  suffer  from 
aymptoms  of  respiratory  disease  at  some  time, 
The  studies  japon  which  these  statements  are 
based  need  further  verification, 

Although  recent  information  concerning  the 
performance  of  scrubbers  intertded  to  remove 
sulfur  dioxide  frohn  flue  gases  is  encour'aging, 
some  additional  experience^  with  opportunity  for 
design  improvement ^  would  greatly  enhance  public 
and  private  confidence  in  the  large  and  co^stly 
decisions  which  must  be  made.  Nevertheless, 
there  are  strong  sugge^stions  that  the  benefits 
of  abating  emissions  of  sulfur  oxides  would  be 
substantial  and,  for  certain  plants  which  affect 
areas  where  there  already  are  higli  ambient 
concentrations  of  sulfur  dioxide  and  suspended 
sulfate,  substantial  abatement  costs  would 
appear  justifiable.     Accordingly,  Part  Two  of 
this,  report  recommends  that  high  priority  should 
be  given  to  emission  abatement  for  power  plants 
in  and  close  upwind  of  these  areas  and  that 
lower  priority  should  be  given  to  power  plants 
far  upwind  f^om  these  areas. 

This  report  suggests  that  there  is  a  need 
for  flexibility  of  response  which  can  take  into 
account  specific  conditions  at  each  power  plant. 
Innovative  instruments  of  policy  should  be  con- 
sidered with  particular  attention  to  their 
application  in  conjunction  with  various 
technologies  for  control  of  pollutants,  Fo^ 
example,  an  emissions  charge  on  sulfiir  oxides 
might  be  contemplated  as  an  immediate  incentive 
to  undertake  control  activities. 

The  studies  and  findings  in  this  report  on 
Air  Quality  and  Stationary  Source  Emission 
Control  taken  with  the  earlier  examination  of 
Air  Quality  and  Automobile  Emission  Control 
emphasize  the  need  for  an  integrated  study  of 
air  pollfitants,  their  sources,  and  their 
effects.     Synergistic  effects  among  pollutants 
were  discussed  in  the  Automobile  Emission  Report 
which  n6%ed  the  need/to  understand  the  health 
effects  of  various  combinations  of  pollutants. 
The  present  report  also  indicates  the  need  for  a 
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better  understanding  of  the  effects  of  both  " 
sulfur  oxides  aild  nitrogen  oxides  on  the  acidity 
of  precipitation r   and  it  notes  the  dependence  of 
atmospheric  chemical  reactions  of  sulfur-related 
pollutants  upon  the  concentration  of  other  pol- 
lutants (such  as  oxidants  and  nitrogen  oxides) 
in  the  ambient  air,  . 

The  major  emphasis  in  ^ip  report  is  upon 
the  effec!:ts  and  control  of  sulfur  oxide 
pollutants^  and  useful  and  important  conclu|ions 
can  be  drawri  from  the  analyses.     But  the  report 
would  be  remiss  if  it  did  not  remind  the  reader 
that  examination  of  pai±  of  a  larger  problem  may 
lead  to  partial^  perhaps  even  incorrect, 
solutions.  .  It  fnay  be  necessary  to  implement 
partial  solutidnsr  but  ultimately  the  effects  of 
all  pollutants  and  the  teclyiiques  for  their 
abatement,  individually  and  in  combination,  must 
be  examined  so  that  a  coherent  program  for  the 
.control  of  air  pollution  may  be  developed.  * 

/ 

SCOPE  OF  THE  REPORT 

The  Commissibn  on  Natural  Resources  has  ra- 
viewed  all  of  the  contributions  to  this  report  and 
is  responsible*  for  the  findings ^ajid  recommendations 
recorded  in  the  summary.  / 

Part  One:     Health  and/ Ecological  Effects  of 
Sulfur  Dioxide  and  Sulfates  (Chapters  1  through 
. 5)  was  prepared  under  tne  auspices  of  the 
Assembly  of  Life  Sciences.     This  part  of  the 
report  updates  work  injtlpded  in  the  September 
197U  report  on  Air  ffuaflitv  and  Automobile 
Emission  Control   (Chapter  IV  of  Volume  2)  which 
exaniined'  effects  of'  airborne  particles  and 
sulfur  oxides  on  health.     Chapters  1  through  4 
were  prepared  for  the  ALS  by  Bernard  Goldstein 
of  the  New  York  University  Medical  School; 
Chapter  5  was  contributed  by  Ian  Nisbet  of  the 
Massachusistts  Audubon  Society.     John  Redmond^ 
Jr.^  served  as  staff  officer  to  the  Assembly  of 
Life  Sciences. 

Part  Two:     Strategies  for  Controlling 
sulfur-Related  Power  Plant  Emissions   (Chapters  6 
through  13)     was  developed  undjer  the  auspi^ces  of 
the  Committee  on  Public  Engineering  Polica^^ 
Assembly  of  Engineering.     To  prepare  thifS  part^ 
COPEP  established  a  Review  Committee  on  Air 
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Quality  and  Power' Plant  Emissions   {sep  Part  Two) 
under  the  chairmanship  of  Dpnald  KatzL^f ""'the 
University  of  r4ichigan«     Strategies  uor  the 

•control  of  sulfur  oxides  and  pa^ticxilates  are 
examir^ed  in  detail  in  t^is  ypart  of  the  reports 
The  impact  of  such  strategies  tjn  both'  urbatj  and 
rural  sulfur  dioxide  and  sulfate  concentrations 
is  emphasized  along  with  the  timing  and  costs  of 
implementing  them.     Part  Two  focuses  on.  aiir 
pollution  problems  associated  with  electric 
utility  generation,  particularly  in  the 
northeastern  United  States,  the  geographical 
area  most  affected  by  coal-burning  power  plants. 
Sections  of  this  part  are  based  on  the  work  of 
individual  consultants  or  staff  members;  the 
members  of  the  Committee  reviewed  the  working 
drafts  and  provided  overall  guidance.  The 
discussion  of  the  relationship  of  emissions  to 
ambient  air  quality  In  Chapter  6  is  based  on  the 

'  i?ork  of  John  Trijonis,  of  TFW,  Inc.     The  acid 
rain  discussion  in  Chapter  7  is  the  work  of  Ian 
Nisbet^  who  was  also  a  member  of  the  Review 
Commit-fee.     Chapter  8  on  efficient  pricing  is 
drawn  from  work  by  Alfred  Kahn#  also  a  Review 
Committee  member.     Elias  Gyftopoulos  of  MIT  and 
T.F.  Widmer  of  Thermo  Electron  Corporation 
di^afted  Chapter  9.     Chapter  10  on  improving 
conversion  efficiency,    fuel  shifting,  and  fuel 
preparation  is  based  on  the  work  of  Harry  Perry 
of  Resources  for  the  Future.     Chapter  11,  flue 
gas  desulf urization,  draws  on  the  work  of  Leigh 
Short  of  the  University  of  Massachusetts  and 
Arthur  Squires,  a  Review  Committee  member*  The 
discussion  of  tall  stacks  and  intermittent 
control  systems  in  Chapter  12  was  prepared  by  * 
Robert  Dunlap  of  Carnegie  Mellon  University;  and 
the  discussion  of  alternative  control  strategies 
in  Chapter  13  draws  on  analyses  carried  out. for 
the  Review  Committee  by  D.  -Warner  North  and 
Miley  Merkhofer  of  the  Stanford  Research 
Institute.     These  analyses  were  used  by  the 

"Review  Committee  in  drafting  the  section 
entitled  "Part  Two  in  Brief"  and  in  forming  its 
cohclusions;  and  because  of  their  s<:holary  merit 
and  pertinence  to  the  subject  matter  of  this 
study,   tke  contributions  of  the  various 
bonsultmntsi  and  committee  members  were 
considered  by  the  Review  Committee  to  be 
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essential  inclusions  in  the  report,     Laurence  !• 
Moss  and  Ronald  J,  Tipton  served  as ''staff 
officers  to  the  Review  Committee, 

Part  Three:     Control  of  Nitrogen  Oxides  from 
Stationary  Sources   (Chapters  1«l  and  15)  was' 
prepared  under  the  direction  of  the  Commission 
on  Natural  Resources^    It  examines  the  relative 
contribution  of  various  sources  of  nitrogen 
oxide  emissions  and  reviews  the  techniques  of 
nitrogen  oxide  emission  control*     (The  health 
effects  of  nitrogen  oxides  and  their  reaction" 
products  were  discussed  in  the  September  1974 
report  on  Air  Quality  and  Autoooobile  Emission 
Control  and  are  not  considered  in  this  report  on 
stationary  source  control.     Trends  in  nitrogen, 
oxide  and  oxidant  air  quality  were  also 
discussed  in  the  earlier  report  and  are  not 
repeated  here.)   The  discussions  of  nitrogen 
oxide  sources  in  Chapter  14  and  of  tall  stacks 
and  intermittent  control^  for  nitrogen  oxides  in 
Chapter  15  are  based  on  analyses  by  John 
Spengler^  Anthony  Cortese,  and  Douglas  Dockery 
of  the  Harvard  School  of  Public  Health.  The 
examination  of  control  techniques  in  Chapter  15 
is  based  ofi  the  work  of  Adel  Sarofim  and  Richard 
Flagan  of  the  Massachusetts  Institute  of 
Technology.     Raphael  G.  Kasper  served  as  staff 
officer  to  the  Commission  on  Natural  Resources. 


SUMMARY. 

This  G^immary  highlli^hts  the  principal 
£indi,ngQ  and  concluoibns  of  the  report.  The 
reader  is  encouraged  [to  examine  the  basis  for 
each  of  the  findings  land  conclusions  as  it  is 
ij^esented  in  detail  in  the  body  of  the  report. 


^       •  SOMMARY  OF  PART  ONE: 

HEALTH  AND  ECOLOGICAI  EFFECTS  OF  SUIiFUR  DIOXIDE 

AND  SULFATES  ."^^^ 

(1)  Adverse  conpequences  to  health  from 
combustion  of  sulf urHcontaining  fossil  fuels 
cannot  be  simply  ascribed  to  any  pne  sulfur 
oxide  acting  alonp.     (The  term  sulfur  oxide  is 
used  to  mean  the  family  of  compounds  including 
sulfur -dioxide,  sulnur  trioxide,  sulfuric  acid, 
and  various  sulfate jsalts.    sulfur  dioxide  is 
the  main  sulfur  oxide  directly  emitted  by  fossil 
fuel  combustion.)   Sulfur  dioxide  itself  appears 
unlikely  to  be  the  alrect  cause  of  excess 
morbidity  and  mortality  associated  with 
stationary  source  fossil  fuel  combustion. 
However,  levels  of  sulfur  dioxide  close  to  the 
current  ambient  air  quality  standards  may  be 
responsible  for  del^erious  effects  on  health 
when  inhaled  in  comjDination  ^ith  respirable 
(very  small)  particulate  matter  or  the  oxidant 
air  pollutant  ozone.    Oxidation  products  of 
sulfur  dioxide,  incILuding  sulfuric  acid  and 
suspended  particulate  sulfates,  are  mora  toxic 
than  the  parent  compound  and  appear  llH^ly  to  be 
responsible  for  a  's!ubstantial  portion  ot'sadv/grse 
effects  on  health  ajssociated  with  stationary 
source  combustion  of  fossil  fuels.     (See  Chapter 
3.) 

(2)  The  processes  governing  the  conversioiC 
in  the  atmosphere^ of  .sulfur  dioxide  to  sulfuric 
acid  and  suspended  sulfates  are  complex  and 
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incdinpletely  understood.     It  is  clear,  however, 
that  the  oxidationi  of  sulfur  dioxide  is 
accelerated  in  the  presence  of  other  pollutants, 
particularly  trace  metals  derived  mainly  from 
stationary  source  fossil  fuel  rambustion,  and 
conajonents  of  photochemical  smog  derived 
pt^arily  from  automotive  emiooicno.  (See 
Chapter  2.) 

(3)  The  specific  chemical  species 
responsible  for  toxicity  have  not  been 
identified^  and  the  levels  of  pollutants 
necess^^^yjto  cause  toxic  effects  have  no^  been 
deter  mi  nro.    This  hampers  the  exact 
determination  of  the  morbidity  amd  mortality  ' 
resulting  from  sulfur  oxides.  *  The  use  in 
epidemiological  cprrelations  of  ononitoring  data 
for  total  suspended  particulates  and  sulfur 
dioxide  has  undoubtedly  led'  to  imprecision 
inasmuch  as  these  two  meaeurerfoants  do  not 
Idir^ct-iy^ssay  the  causative  agents.     It  is 
possible  cl^t  the  use  of  these  indicators  may 
have  ied  to^underestimation  ,or  overesticnation  of 
the  health  consequences  of  sulfur  oxide  or 
respirable  tarticurlate  matter,  b\it  most  likely 
underestimaition.     Particles  in  the  respira&l^ 
size  range  undoubtedly  play  a  role  in  morbidity. 
(See  Chaptier  2.) 

(4)  In  the  next  few  years  additional 
information  will  probably  be  available  that  will 
pexrmit  establishment  of  rational  air  quality 
standards  for  r6spirable  particulate  matter  and 
suspended  sulfates  in  order  to  protect  the 
public.     This  will  require  substantial  advances 
in  monitoring  and  analytical  techniques  as  well 
as  improved  assessment  of  health  hazards.  (See 
Chapter  2.)  ) 

(5)  Review  of  the  available  data  suggests 
that  it  is  reasonable  to  predict  that  an 
increase  in  morbidity  and  mortality  of 
susceptible  individuals  would  result  from  an 
increas^- in  ambient  sulfur  dioxide  to/levels 
appreciably  above  the  current  air  quality 
standard.     (At  present^  levels  generally  do  not 
exceed  trhicf  standard.)   Susceptible  groups- 
represent  a  substantial  fraction  of  ^he  U.S. 
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population  and  include  children,  the  elderly, 
aQthmatico,  and  individuals  with  chronic 
eardiovasqular  and  pulmonary  disease.  (See 
Chapter  U.) 

(6)  "In  view  of  the  Qociet»al  and  economic 
impact  of  controlling  sulfur  oxide  emissions,  it 
is  of  major  importance  to  quantify  the  health 
effects  associated  with  sulfur  oxides  and  the 
benefits  to  be  gained  by  avoiding  those  effect^. 
A  number  of  attempts  to  do  so  have  been  made, 
and  they  are  reviewed  in  this  report.  Analysis 
of  data  developed  from  the  chPSS  studies  of  the 
^•nvironmental  Protection  Aqency  provides  soniG 
guidance  in  defining  the  limits  of  the  problem, 
but  these  and  other  currently  avai4r«il^le  data  on 
the  health  effects  of  sulfur  oxides  should  be 
viGwed  with  caution.     (See  Chapter  a.) 

(7)  Definition  of  a  no-effect  level 
(threshold)   for  the  acute  effects  of  sulfur 
oxidds  is  difficult.     It  is  not  clear  that  there 
is  any  level  of  these  pollutants  above 

, background  that  will  not  have  an  acute  effect  on 
the  most  susceptible  individuals.     However,  it 
is  beyond  present  knowledge  to  state  whether 
acute  responses  to  low  levels  are  rion-in jurious 
adaptive  responses  or  are  responses  which,  often 
repeated,  might  lead  iio  eventual  respiratory  ^ 
impairment.     High  priority  should  be  given  to 
research  evaluating  the  long-term  physiological 
effects  of  sulfur  oxide  air  pollution.  '  (See 
Chapter  2.) 

(8)  Sulfur  oxide  emissions  from  catalyst- 
equipped  automobiles  may  take  the  form  of 

, sulfuric  acid  mist  or  suspended  sulfates.  Since 
'the  emissions  are  at  ground  level,  they  are 
likely  to  be  encountered  by  individuals.  ^^^'^ 
increasing  proportion  of  the  automobile  fleet  is 
catalyst  equipped,  these  sulfur  oxide  emissions 
may^constitute  an  appreciable  part  of  the  total 
sulfur  oxides  inhaled  and  a  significant 
proportion  of  the  threat  yto  health  from  thes«e. 
compounds.     As  yet  there/are  no  direct 
experimental  data  on  the  health  effects  of  the 
particular  sulfur  oxides  emitted  from 
automobiles.     In  the  absence  of  experience  and 


oufficif^nt  ciata^  we  are  unprepared  to  compare 
quantitatively  the  possible  deleterious  health 
effects  arisi-ng  from  'catalyst  operation  with  the 
health  benefitr;     o  be  gained  by  the  oxidation  of 
hydrocarbons  and  carbon  monoxide  in  automotive 
emisoions,     (See  Chapter  2.) 

/ 

(9)  The  visible  direct  effects  of  high 

concentrations  of^  sulfur  dioicide  on  susceptibl^e 
species  of  plants  have  been  Recognized  for  many 
years.     Knowledge  of  whether  lower 
concentrations  decrease  productivity  of  natural 
flora  and  fauna  is  very  meager.    The  ecological 
consequences  of  the  increasing  acidity  of 
precipitation  deserve  thorough  study.  The 
increase  in  acidity  of  precipitation  appears  to 
be  related  to  increased  emissions  of  sulfur 
dioxide  and  nitrogen  dioxide  although  the  exact 
relationship  needs  further  study,    (See  Chapter 

^^0)  Identifiable  effects  of  acid 

precipitation  include  acidification  of  soils, 
reduction  in  forest  productivity,  and  depletion 
of  fresh  water  fish  ^copulations.  Materials, 
buildings,  and  varioi  3  substances  are  degraded 
by  sulfur  oxides  in  the  air  and  by  a«rid 
precipitation.     The  full  impact  or  these 'effects 
may  not  be  felt  for  a  number  of  years.  Rough 
estimates  of  tht^ir  likely  magnitude  suggest  that 
they  are  relatively  modest  in  economic  terms, 
but  they  may  also  involve  loss  of  recreational 
opportunity  and  aest.ietic  values.     The  ' 
possibility  of  addit  onal'  effects,   such  as 
reduction  in  agricultural  productivity  or 
extensive  injury  to  valuable  ornamental  plants 
cannot  be  dismissed,    (See  Chapter  5,) 

(11)  Atmospheric  hases,  attributable  in 

large  part  to  fine  pirticulates  including 
sulfates,  are  widespread  in  the  eastern  United 
States  during  the  summer;   their  frequency 
appears  to  be  increasing  as  emissions  increase, 
and  they  may  have  effects  on  weather  and 
climate,    (See  Chapter  5 . ) 


xxvi 


(12)  With  the  protection  of  human  health  as 

the  goal,  it  is  desirable  to  limit  the 
atjnospheric  emission  of  sulfur  oxides  and 
xespirable  particulate  matter.     (See  Chapter  U.) 


SUMMARY  OF  PART  TWO:   STRATEGIES  FOR 
CONTROLLING  SULFUR-RELATED  POWER  PLANT  EMISSIONS 

Sulfur  Oxide  Emissicxis 
and  Abatement  Techniques 

Reasons  for  Reducing  Emissions  of  sulftir  Oxides 

•(1)  Part  One  of  this  report  points  out  that 

adverse  consequences  to  health  from  combustion 
of  sulfur-containing  fossil  fuels  cannot  be  • 
ascribed  to  any  single  sulfur  oxide  acting 

K alone,  and  that  sulfur  dioxide  itself  appears 
unlikely  to  be  the  sole  cause  of  excess 
morbidity  and  mortcility  associated  with 
pollution  in  the  form  of  sulfur  oxides  and 
suspended  particulate  matter. ^  In  particular, 
certain  oxidation  products  of "sulfur  dioxide. 
Including  sulfuric  acid  and  certain  suspended 
particulate  sulfates,  are  more  toxic  than  the 
parent  compound  and  may  be  responsible  for  a^ 
substantial  pottion  of  the  adverse  health 
effects  associated  with  sulfur  oxides  cind 
partiTculate  pollution,  a  portion  of  which  arises 
from  stationary  source  combustion  of  Cpssil 
tuels.     In    the  study  of  control  strategies  in 
Part  Two  of  this  report,  the  concentration  of 
airborne  particulate  sulfates  has  been  used  as 
an  index  of  pollution  hazard.     (See  Part  I.) 

(2)  Within  a  large  region  such  as  the 

northeastern  United  States,  particulate  sulfate 
concentrations  in  the  atmosphere  are  related  to 
regional  emissions  of  sulfuT  dioxide,  which  is 
converted  to  sulfates  after  emission.     Because  ' 
sulfur  dioxide  and  sulfates  may  be  transported 
•  long  distances  before  being  removed  from  the 
atmosphere,  and  because  c^rin^  the  transport 
period  there  is  conversion* of  sulfur  dioxide  to 
sulfates,  there  is  not  always  a  close 
relationship  between  ambient  concentrations  of 
sulfates  and  emissions  of  sulfur  dioxide  in  the 
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immediate  vicinity.     For  example^  in  some  rural 
areas  in  the  Northeast  where  there  are 
comparatively  low  sulfur  dioxide  emissions  and 
low  ambient  sulfur  dioxide  levels,  ambient 
sulfate  concentrations  are  substantially  above 
background  levels-     (See  Chapter  6«) 

(3)  Concentrations  of  sulfates  in  airborne 
particulate  matter  are  difficult  to  measure  but 
appear  to  have  increased.     The  amounts  of 
sulfates  deposited  in  rainfall  have  been 
increasing  in  parallel  with  the  increase  of 
emissions  of  sulfur  dioxide-     The  acidity  of 
precipitation  in  the  eastern  states  has  also 
been  increasing;  this  is  attributable  to  an 
increase  in  emissions  of  both  sulfur  dioxide  and 
nitrogen  oxides-      (See  Chapters  6  and  ?•) 

(4)  ,  In  addition  to  the  adverse  effects  on 
health  from  these  pollutants,  there  are  damages 
to  materials^  decreases  in  property  values,  and 
impairment  of  agriculture,  forestryi  and 
ecosystems-     These  effects  point  to  the 
desirability  of  controlling  the  amount  of  man- 
produced  sulfur  compounds  emitted  into  the 
atmosphere-    (See  Chapters  5  and  7,  and  Appendix 
'13-E-) 


Power  Plants  a  Major  Source  of  Sulfur  Oxide 
Emissions 

(5)  Steam  electric  generating  plants  that 

bum  coal  are  major  sources  of  sulfur  oxide 
emissions,  especially  in  the  northeastern  U.S. 
In  this  region,  the  quantity  of  anthropogenic 
sulfur  oxides  almost  certainly  exceeds  the 
amount  emitted  from  natural  sources  such  as 
decaying  vegetation.'   On  a  nationwide  basis, 
more  than  50  percent  of  total  anthropogenic 
sulfur  oxide  emi^ssions  are  produced  through 
combustion  of  coal  in  power  plants;   in  some 
regions  the  percentage  is  much  higher-  Other 
sources  of  sulfur  oxides  include  space  heater's, 
smelters,  and  industri^^l  boilers.  Information 
recently  brought  jrto  the  Committee's  attention 
suggests  that  oil-fired  combuslJ^,  particularly 
in  small  combustion  devices  suqp  as  home 

"  / 
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furnaces,  appears  to  be  an  important  soiu^-ce  of 
sulfuric  acid  emissions.     Coal  fired  electrical 
generation  may  increase  as  much  as   100  percent^, 
possibly  more,  over  the  next  decade •  The 
resulting  power  plant  emissions,  if  not 
controlled,  may  lead  to  increases  in  ambient 
sulfate  levels  in  urban  areas  on  the  order  of  1Q 
to  40  percent  as  well  as  to  increases  in  ambient 
sulfur  dioxide  levels  and  in  the  acidity  of 
precipitation •    (See  Chapters  6  and  7,  and 
Appendix  1 ) 

Emissions  from  Power  Plants  Depend  in  Part  on 
the  Use  of  -Electricity,  Which  Depends  on  Many 
Factors. 

(6)  The  Review  Committee  recognizes  the 
national  determination  to  decrease  U.S. 
dependence  upon  imported  petroleum  fuels. 
Achievement  of  this  goal  is  likely  to  entail  a 
substantial  increase  in  the  use  of  coal  for  the 
generation  of  electricity.     There  are  two 
reasons  for  this:  more  electricity  will  be 
required  to  permit  reductions  in  the  use  of  oil, 
and  a  larger  fraction  of  the  electricity 
prodticed  will  be  generated  from  coal.  The 
shortage- of  natural  gas  will  also  result  in 
increased  use  of  coal  for  the  same  reasons.  The 
consequence  of  these  changes  could  be  a  large 
increase  in  sulfur  dioxide  emissions.  (See 
Chapter  6.) 

(7)  A  major  current  use  of  oil  and  gas  is 
for  domestic  and  office  space  heating. 
Electrical  energy  could  replace  the  direct  use 
of  oil  and  gas  for  space  heating,  but  this  could 
result  in  additonal  burning  of  coal  and 
accompanying  emissions  of  sulfur  oxides. 
Therefore,  if  such  a  change  were  contemplated, 
it  would  be  desirable  to  employ  space  heating 
technology  which  would  make  efficient  use  of 
electiricity.     A  shift  to  the  use  of  electrical 
resistance  heating  would  increase  the  overall 
consumption  of  fuel;  however,  there  would  be 
little,  if  any,  increase  in  the  overall 
consumption  of  fuel  if~  the  shift  were,  instead, 
to  electrically-powered  heat  pumps,  where  local 


xxix 


weather  conditions  make  this  technically 
possible.    Moreover^  it  is  estimated  that  the 
total  capital  investment   (at  the  point  of 
generation  as  well  as  at  the  point  of  use) 
required  for  the "heat  pump  system  is  less  than 
that  for  the  electrical  resistance  heating 
system.     The  alternative  of  producing  ^ 
combustible  gas  from  coal  to  serve  the  heating 
market  also  appears  to  require  substantially 
less  capital  and  less  total  fuel  consumption 
than  electrical  resistance  heating.     There  are 
additional  options  for  meeting  some  of  the 
nation's  space  and  water  heating  requirements, 
e.g.,  solar  energy  and  possible  new  domestic 
petroleum  and  gas  resources.     Although  each  of 
these  options  w^ll  probably  take  at  least  three 
to  five  years  bef9re  it  can  add  signif iccintly  to 
incremental  supplies,  an  examination  of  them 
should  be  included  in  a  comprehensive  analysis. 
(See  Chapter  9.) 

(8)  Conservation  and  imprbved  fuel  use  can 
substantially ^ reduce  the  rate  of  growth  in 
demand  for  electrical  energy  and  in  this  way 
reduce  the  amount  of  coal  used  and  the  sulfur 
dioxide  emitted  in  its  generation.  Improvements 
in  fuel  use  can  be  accomplished  by:    (1)  improved 
effectiveness  of  electrical  apparatus  used  in 
the  residential,  commercial,  and  industrial 
sectors;  and   (2)   on-site  generation  of 
electricity  as  a  by-product  of  certain 
industrial  processes.     (See  Chapter  9.) 

(9)  In  a  market  economy,  where  consumption 
decisions  are  made  by  individual  purc^hasers^ 
economic  efficiency  requires  that  the  price 
reflect  the  incremental  cost  of  supply  to 
society.     This  means^  in  an  exj)anding  industry, 
that  price  should  equal  the  cost  of  obtaining 
new  or  replacement  supplies  of  the  resource^ 
including  social  and  environmental  costs.  If 
such  prices  are  not  charged,  then  either  too 
much  or  too  little  of  the 'resource  will  be  used 
in  relation  to  other  resources.    The  rate  at 
which  fuel-saving  technology  will  actually  be 
applied  depends  upon  the  rate  of  pay-back  for 
capital  invested  in  such  technology.  One 
critical  factor  currently  retarding  the  appli- 
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cation  of  new  and  more  efficient  technology  is 
the  manner  in  Vhich  fuel  and  electricity  costs 
are  determined.     The  price  a  user  pays  for 
energy  is  generally  based  on  average  costs  of 
production  rather  than  on  incremental  costs, 
which  tend  to  be  much  higher.     Similarly^  the 
higher  cost  of  supplying  electricity  during 
hours  of  peak  system  demand  is  not  sufficiently 
reflected  in  rate  structures.    A  fuller 
application  to  electricity  rates  of  these 
incremental  cost  pricing  principles  could  make  a 
substantial  contribution  to  conservation  and 
thereby  to  reducing  sulfur  oxide  emissions. 
(See  Chapter  8.) 


Flue  Gas  Desulf urization   (FGD)  Technology 

(10)  For  power  plants  that  bum  low-sulfur 
(less  than  1  percent  sulfur)  coal^  either  lime 
or  limestone  scrubbing  is  the  most  effective 
method  now  available  for  reducing  emissions  of 
sulfur  dioxide  in  flue  gases.     Emissions  of 
sulfur  dioxide  from  such  sources  can  be  reduced 
by  at  least  90  percent  with  t^ie^e  methods. 
Successful  operation  has  beeri  demonstrated  on 
commercial  scale  modules  of  115  Mw  for  lime 
scrubbing  and  170  Mw  for  limestone  scrubbing. 
(See  Chapter  11.) 

(11)  For  power  plants  that  burn  medium  or 
high-sulfur  coal,   lime  scrubbing  is  the  most 
effective  near-term  method  for  reducing  emis- 
sions of  sulfur  dioxide  in  flu6  gases. 
Reductions  of  at  least  90  percent  have  been 
achieved  with  this  method.     Successful  operaticm 
of  a  lime  scrubber  in  the  desirable  closed  loop 
mode  (i.e=;  with  no  release  to  the  environment 
of  water  from  the  process)   in  a  power  plant 
burning  medium-sulfur,  low-chlorine  coai  has 
been  demonstrated  on  a  commercial  scale.  The 
demonstration  power  plant  xs  a  peaking  unit 
producing  flue  gas  equivalent  to  about  100  Mw 
capacity.     Although  it  ordinarily  Ojierates 
intermittently,  in  these  trials  it  has  operated 
continuously^  following  changes  in  load  typio^ 
ofAJO^ny  utility  boilers.     The  100  Mw  size  is 
typical  of  the  module  that  designers  may  provide 
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in  multiples,  tor  dealing  with  the  flue  gas  from 
boilers  of  much  larger  capacity.     The  chlorine 
content  of  coal  affects  successful  scrubber 
operations  for  at  least  three  reasons:     (1)  it 
contributes  to  the  acidity  of  sludge  slurries; 
(2)  it  retards  the  rate  of  oxidation  of  calcium 
sulfite  to  calcium  sulfate  in  slurries;  and  (3) 
it  leads  to  materials  corrosion  in  stack  » 
equipment  as  a  result  of  hydrogen  chloride 
formation.     Successful  operation  of  a  lime 
scrubber  on  flue  gases  arising  from  the  burning 
of  a  high-sulfur  coal  of  medium  or  high  chlorine 
content  has  been  observed  on  a  bench  and  pilot- 
plant  scale   (1.0  and  10  Mw  equivalent  capacity), 
also  \n  a  closed-loop  mode.     Experience  on  a 
commercial  scale  can  apd  should  be  obtained 
quickly  for  medium-  and  high-sulfur  coals 
containing  chlorine  beyond  0.04  percent.  This 
experience  is  necessary  to  resolve  the  question 
ot  the  commercial  availability  of  lime  scrubbing 
technology  for  all  coals.     That  this  question 
will  be  resolved  favor abl-y  is  a  matter  for 
engineering  judgment  in  light  of  the  available 
chemical  knowledge  and  performance  comparisons. 
Some  of  the  Comniittee  members  judge  the 
probability  to  be  90  percent,  while  one  member 
judges  it  to  be  70  percent.     (See  Chapter  11.) 

(12)  The  Committee  is  well  aware  of  the 

problems  which  have  been  experienced  in  early 
installations  of  flue  gas  desulf \ariza.tion 
processes.     This  discouraging^  experience  has 
caused  many  in  the  electric  utility  industry,  as 
well  as  others,  to  doubt  the  feasibility  of  the 
technology.     The  Committee  finds,  however,  that 
there  has  been  rapid  advance  in  the 
understanding  and  application  of  scrubbing 
technology  especialj^y  in  the  past  v^ar,  ^nd 
urges  those  who  are  skeptical  to  ^view  this 
recent  experience.     If  scrubbers  ordered  today 
are  to  operate ^as  reliably  as  other  components 
of  the  power  generating  system,  they  will 
require  ve3cy  care^Ail  engineering  and  initial 
"trouble  shooting»V  operating  procedures  which 
may  be  extensive.  ^There  is  a  reasonable 
expectation  that,   in  the  near  future,  scrubbers 
will  be  available  for  purchase  as  routine 
components  of  power,  systems  covering  a  wide 
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range  of  specific  cxDnditions,  provided  a 
vigorous  development  program  is  pursued.  (See 
Chapter  11.) 

(13)  The  large  quantity  of  waste  by-product 
associated  v/ith  lime  and  limestone  scrubbing  is 
a  disadvantage  of  these  processes.  Sludge 
storage  using  lined  ponds  has  been  successful 
for  lime  and  limestone  flue  gas  desulf urization 
installations.     The  availability  of  space  near 
the  power  plant  is  an  important  factor  in 
determining  the  feasibility  of  sludge  storage 
using  lined  ponds  and  may  substantially  increase 
the  cost  of  retrofitting  plants  already  located 
in  urban  areas  because  of  the  need  for 
transportation  of  sludge.     The  problem  of 
ultimate  disposal  is  being  attackeid  by  fixation 
pf  sludge  to  produce  a  material  of  low 
permeability  and  leachability,  suitable  for 
landfill  and  as  a  base  for  roads.     Tests  on 
caranercial-scale  modules  are  now  underway  in 
several  locations.     The  results  are  reported  to 
be  promising.      (See  Chopter  11.) 

(14)  Installation  of  a  lime  scrubbing 
process  for  a  new  power  plant  burning  high- 
sulfur  eastern  coal  will  require  an  added 
capital  investment  of  about  $100/kw  (all  costs 
in  1974  dollars) .     The  investment  could  be  as 
low  as  $60/kw  and  as  high  as  $130/kw.  Added 
operating  costs,  including  capital  charges,  will 
range  from  2  to  5  mills/kwh  plus  a  cost  of  about 
1  mill/kwh  for  energy  loss  and  capacity 
derating.     This  is  15  to  30  percent  of  the  total 
cost  of  generating  power  at  a  new  plant.  Sludge 
fixation,  or  sludge  transportation,  if  needed, 
will  add  to  these  costs.     (See  Cha-pters  11  and 
13.) 

(15)  A  longer  term  approach  to  the  problem 
of  sulfur  emissions  involves  conversion  of  rhe 
sulfur  dioxide  into  elemental  sulfur  and 
regeneration  of  the  scrubbing  liquor.  This 
would  eliminate  the  problem  of  disposal  of  large 
quantifies  of  sulfites  and  sulfates  of  lime  and, 
instead,  provide  easily  stored  and  commercially 
valuable  elemental  sulfur.     There  is  successful 
commercial  operating  experience  with  regenerable 
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flue  gas  aesulf urization  processes  on  stack 
gases  arising  from  the  combustion  of  oil.  There 
is  no  commercial  operating' experience  using  a 
regenerable  process  to  treat  stack  gases  arising, 
from  combustion  of  high-sulfur  coal,     h  few  such 
plants  are  under  construction,  attd  large-scale 
plant  testing  of  such  systems  is  now  underway. 
Because  the  potential  advantages  of  regenerative 
processes  are  significant,  a  careful  evaluation 
of  the  desirability  of  increasing  the  funds 
being  devoted  to  their  development  is  warranted. 
(See  Chapter  11.)  ^ 

(16)  About  70  perc^t  of  existing  plant 

capacity  may  be  retrofitted  with  lime  or 
limestone  FGD  systems.     The  cost  of  retrofitting 
is  normally  25  to  30  percent  higher  than  the 
cost  of  installing  scrubbers  on  a  new  plant  of 
equal  capacity,     older,  smaller  existing  plants 
are  more  difficult  and  costly  to  retrofit  than 
newer,  larger  existing  plants.     (See  Chapter 
11.) 


Use  of  Low-Sulfur  Coal  and  Washing  of  High- 
Sulfur  Coal  \ 

(17)  Most  of  the  coal  f rom- ekstern  resources 

has  a  high  sulfur  content.     Of  the  more  limited 
eastern  low-sulfur  coal,  a  large  fraction  is 
held  by  owners  who  have  dedicated  these  . 
resources  to  metallurgical  use.    Washing  of  the 
hiqh- sulfur  east^  coals  could,  on  average, 
reduce  their  sul^i* ^content  by  about  40  percent 
(i.e.,  from  a  suifM  content  of  3.5  percent  to 
2.1  percent).     Th3Amount  of  such  reduction 
depends  on  the  ch^acteristics  of  the  particular 
coeil  used.     Ccal  washing  will  be  of  some  benefit 
in  reducing  emissions  of  sulfur  oxides', 
conventional  physical  cleaning  will  reduce  the 
total  sulfur  emitted  by  power  plants  by 
significant  amounts  (of  the  order  of  40  percent 
overall)   but  it  will  not,  in  general,  result  in 
coals  with  a  sulfur  content  meeting  thg  New 
source  PerformanoP  standards  for  SOx.  However, 
coal  preparation  can  reduce  the  sulfur  content 
to  levels  that  are  permitted  by  the  State 


xxxiv 


Implementation  Plans  for  existing  plants  in  some 
rural  areas.     (See  Chapter  10.) 

(18)  Large  ^quantities  of  low-saHur  coal  are 
found  in  the  western  U.S.     Although  new  plants 
can  be  designed  to  burn  these  coals  efficiently 
in  existing  plants  the  boilers  must  be  derated 
(i.e.,  operate  at  less  than  design  capacity)  to 
operate  satisfactorily.     Moreover,  the  transport 
of  low-sulfur  western  coals  to  eastern  markets 
will  require  construction  of  major  additOnal 
transport  facilities.     (See  chapter  10.) 

(19)  By  shifting  available  low-sulfur  coal 
away  from  plants  that  could  bum  higher  sulfir 
coal  and  still  meet  ambient  sulfur  dioxide 
standards  to  plants  in  regions  not  meeting 
acibient^  standards  for  sulfur  dioxide,  some  im- 
provement in  compliance  with  applicable  ambient 
air  quality  standards  for  sulfur  dioxide  could 
b^  achieved.     However,  such  shifting  of  low- 
sulfur  coal  will  not  reduce  the  total  amount  of 
sulfur  in  the  atmosphere;   therefoSlte,  this 
strategy  should  be  considered  at  beat  an  interim 
measure  only.     The  potential  for  increasing 
^!I!^^f^^v,®"^^^^^  concentrations  in  downwind  areas 
should  be  carefully  assessed  before  any  such 
strategy  is  implemented.      (See  chapters  6.  7 

.  10,  and  13.)  e-  »  , 

(20)  Caution  must  be  exercised  in  the  sub- 
stitution of  low-sulfur  coal  in  existing  power 
plants,  since  there  is  a  resultant  risk  of 
increasing  emissions  and  ambient  concentrations 
of  particulate  matter.     The  efficiency  of 
devices  for  the  removal  of  particulate  matter, 
especially  electrostatic  precipitators,  is 
decreased  for  fly  ash  from  low-sulfur  coals. 
Hence,  a  decrease  in  sulfur  dioxide  by  fuel  sub- 
stitution may  result  in  greater  emissions  of 
particulate  matter,  including  any  trace  metals  ' 
present  in  the  coal,     such  problems  could  be 
minimized  by  appropriate  modification  of 
equipment  or  process  conditions  or  both.  (See 
Chapter  10.)  ' 
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Tall  StackG  and  Intermittent  Control  Systems 
(ICS) 

(21)  Tall  stacks  and/ or  intermittent  cpntrol' 

systems  make  it  possible  to  meet  ambient  sulfur 
dioxide  standards  'in  caref&lly  defined 
situations.     The  attractiveness  of  these  systems 
lies  in  their  low  operating  and  capital  costs, 
estimated  to  be* 0.15  to  O.U  mill/kwh  and  to 
$10/kw,  respectively.     The  Committee  does  not 
recommend  their  use  unless  it  is  for  carefully 
defined  situ^iohs  for  an  interim  period  until 
other  strategies   (e.g.,  flue  gas  desulf iiriza- 
tion,  Ipw-sulfur  fuel)   can  be  implemented,  or 
until  further  dataware  accumulated  ijjjiich  would 
justify  Qiaking  them  permanent.'   The  application 
of  tall  stacks  and/or  intermittent  control 
systems  will  not  reduce  total  emissions  of 
sulfur .oxides  to  any  Significant  degree;  thus, 
this  strategy  does  not  decrease  the  total  amount 
of  sulfate  in  the  regional'  atmosphere.  The 
potential  for  increasing  ambient  sulfate  con- 
centrations in  downwind  areas  should  be 
carefully  considered  in  advanc^,  and  effects  on 
ambient  concentrations  monitored,  if  such  a 
strategy  is  implemented.      (See  Chapter  12.) 


Recommended  Decisions  and  Decision  Processes 
for  Abatement  Strategies 

(22)  Methodology  is  available  for  analyzing 

decisions  among  abatement  alternatives:  the 
deleterious  consequences  of  sulfur  oxide 
emission^  to  human  health,  ecological  systems, 
material  property,  and  aesthetic  values  should 
be  evaluated  and  compared   (for  each  power  plant 
in  a  region)  ^ith  the  additional  cost  imposed  on 
the  generation  of  its  electricity  by  the 
abatement  methods.     The  calculation  jthus 
involves  a  comparison  of  marginal  cost  with 
marginal  benefit  for  each  power  plant  within  the 
regional  system  of  electric  generation  and  air 
quality.     However,  conclusions *dravm  from  the  * 
application  of  this  methodology  must  of 
necessity  reflect  the  adequacy  of  the 
information  available  at  the  time  of 
application;  at  ti;ie  present  time  uncertainty  in 
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many  critical  variable o  and  K^Iationships 
sevetely  limits  the  concluQlons  that  can  be 
drawn  as  to  the  best  strategy  alternatives  for 
conttolling  sulfur  oxide  emissions.  Py 
assessing  in  probabilistic  terms  the  respective 
costs  and  benefits  for  various  alternative 
strategies^  the  methodology  can  indicate  where^ 
on  the  basis  of  the  limited  inf6rmation 
available^  stringent  control  is  (desirable  and 
where  more  information  would  be  advisable  before 
a  commitment  to  a  particular  emis^ons  control 
strategy  is  made.     (See  Chapter  13.) 

(23)  There  are  considerable  unqertainties 

concerning  the  extent  of  the  harmful  effects  of 
sulfur  oxide  emissions^  and  concerning  the 
specific  relationships  between  point  source 
ertiissiOns  of  sulfur  dioxid^ and  regional 
patterns  of  f ormationir^rfspersion,  and 
deposition  of  BuTtsJhfiS\     Any  policy  adopted  now, 
therefore^  should  be  reviewed  periodically  in 
the  future  and  may^have  to  be  changedv*as  a 
resudl't  of  new  fin<fings.     Nevertheless,  the 
calculations  shown  in  Chapter  13  suggest  that 
the  benefits  of  abating  emissions  of  sulfur 
oxide  may  exceed  the  costs  substantipilly  for 
plants  which  affect  areas  where  there  are 
already  high  ambient  concentrations  of  sulfur 
dioxide  ^nd  suspended  sulfates,  such  as  urban 
areas  in  the  Northeast.     In  addition,  the 
Committee  places  importance  on  considerations  of 
prudence;  the  consequences  of  an  error  in 
judgment  which  led  to  substantial  damage  to 
human  health  would  be  more  serious  than  an  error 
which  led  to  an  economic  mi^llocat ion. 
Accordingly,  the  Committee  recommends  that  high 
priority  should  be  given  to  emission  abatement 
from  power  plants  in  and  close  upwind  of  urban 
areas.     Although  the  analysis  in  Chapter  13 
indicates  that  lower  priority  should  be  given  to 
power  plants  far   (of  the  order  of  300  miles) 
upwind  from  major  cities,   it  also  indicates  that 
external  costs  imposed  by  emissions  from  these 
plants  may  be  substantial.     Since  the  capacity 
for  installing  flue  gas  desulf urization  systems 
is  limited,  there  will  be  a  continuing 
opportunity  to  review  the  costs  cind  benefits  of 
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emisQion  controls  for  plants  now  assigned  to  a 
low  priority.    (See  Chapter  13.) 

(24)  National  capacity  to  produce^  stack  gas 

scrubbing  equipment  is  limited.  Further 
advances  in  applicable  technology  are  expected 
to  occur  in  the  next  few  yearQ.  Scrubbing 
equipment  should  be'  installed  first  in  those 
Qituations  where  its  ad<titional  benefits  in  / 
emissions  abatement  are  judged  to  be  highest 
with  respect  to  its  additional  costs.     All  new 
plants r  including  thoge  able  to  meet  New  Source 
Performance  Standards  without  the  use  of 
scrubbers^  should  at  least  be  constructed  so  as 
to  permit  subsequent  retrofitting .of  flue  gas 
desulf urization  syst^s,  since  the  coat  of 
allocating  space  for  that  purpose  is  low.  In 
time,  the  increase  in  coal  use  and  further  in- 
formation on  the  effects  of  sulfur  oxide 
emissions  may  indicate  a  need  for  a  greater 
degree  of  emissions  reduction,     (See  Chapter 
13.) 


The  Value  of  Resolving  Uncertainties 
on  the  Effects  of  Sulfur  Oxide  Emissions 

(25)  Decisions  about  control  strategies 
depend  upon  the  information  available  at  the 
time  the  decisi(5ns  are  made.     A  better 
understanding  of  the  effects  of  suspended 
sulfates  on  health  and  of  the  chemistry  of  the 
atmospheric  conversion  of  sulfur  dioxide  to 
sulfate  could  have  a  significant  effect  upo)i 
future  decisions  about  sblfur  oxide  emissimis 
abatefnent.     Improving  the  available  information 
about  these  aspects  of  sulfur  emissions  has  an 
expected  value  on  the  order  of  hundreds  of 
millions  of  dollars  a  year,  which  is  at  least 
ten  times  greater  than  the  cost        a  research 
program  to  resolve  these  uncertainties  in 
approximately  five  years.      (See  Chapter  13.) 

(26)  Current  assessments  of  tlr:e  benefits^  of 
sulfur  oxide  emissions  reduction  for  human 
health,  ecological  systems,  materials,  and 
aesthetic  values  could  be  greatly  improved. 
Substantial  efforts  should  be  made  to  develop 
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improved  models  and  data  for  use  on  a  case-by- 
case  basis  to  improve  decisionma)cing  on 
emissions  control  strategy  alternatives^  There 
is  also  a  need  to  investigate  the  distribution 
.of  costs  and  benefits  among  different 
individuals  within  society,  and  the  effects  of 
emissions  controls  and  pricing  policy  on  this 
distribution.      (See  chapter  13.) 


SUMMARY  OF  PABT  THREE: 
COMTROL  OF  NITROGEN  OXIDES  FROM  STATIONARY  SOURCES 

(1)  ^  The  quantity  of  nitrogen  oxide  produced 
by  human  activity  throughout  the  world  is  on  the 
order  of  10  percent  of  the  nitrogen  oxide 
produced  from  natural  sources.  However,  the 
anthropogenic  nitrogen  oxide  emissions  are 
concentrated  in  populated  areas  and  are  thus  of 
concern  in  pollution  control  .programs.  (See 
Chapter  14.) 

(2)  National  nitrogen  oxide  emissions  have 
grown  at  an  average  rate  of  over  4  percent  per 
year  for  the  last  three  decades.    (See  Chapter 

ia.) 

(3)  At  present,  stationary  source  fuel 
combustion  accounts  for  about  half  of  all  U.S. 
nitrogen  oxide  emissions,   and  electric  power 
generation  represents  24  percent  of  U.S. 
nitrogen  oxide  emissions.    (See  Chapter  14.) 

(4)  The  nitrogen  oxide  emission  rate  per 
unit  heat  produced  is  greater  from  coal  than 
from  either  oil  or  natural  gas.  Therefore, 
conversion  of  existing  plants  to  pejrfriit  the 
burning  of  coal  and  use  of  new  coal-fired 
electric  generating  plants  would  increase 
nitrogen  oxide  ♦=»missions  at  a  greater  rate  than 
that  projected  from  historic  trends.  (See 
Chapter  14.) 

(5)  Transportation  is  the  second  largest 
'source  category,  contributing-  35.4  percent  of 
the  U.S.  total  nitrogen  oxide  emissions.  (See 
Chapter  14.) 
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(6)  Projections  of  future  nitrogen  oxide 
emissions  demonstrate  that,  if  present  statutory 
standards  ate  adhered  to,   stationary  source's 
will  contribute  an  increasing  percentage  of 
total  nitrogen  oxide  emissions  through  1990. 

(See  Chapter  14.)  ^ 

(7)  There  are  geographical  differences  in 
nitrogen  oxide  emissions  which  reflect  the 
distribution  of  industry,   electric  power 
generation,  and  population.     Fifty- siflK^^rcent 
of  the  national  nitrogen  oxide  emissions  are 
produced  in  the  northeast  states  (EPA  Regions  I, 
II,  III,  and  V).      (See  Chapter  14.) 

(8)  Thirty-nine  percent  of  all  U.S. 
nitrogen  oxide  emissions  are  generated  in  the  10 
largest  urban  areas.     In  fact,  25  percent 

of  the  total  U.S.  emissions  are  produced 
in  the  five  largest  urban  areafeu     TMs  reflects 
the  dominance  of  stationary  fuers^ombustion  and 
industrial  process  emissions.     Only  22  percent 
of  the  nation's  transportation-related  nitrogen 
oxide  is  emitted  from  the  10  largest  urban 
areas.     Thus,  in  many  urban  areas,  nitrogen 
oxide  emissions  from  slxtLionary  sources  are  the 
dominant  factor  in  determining  ambient 
concentrations  of  this  pollutant.   (See  Chapter 
ia.) 

(9)  There  are  considerable  uncertainties  in 
the  1972  nitrogen  oxide  emissions  data  as 
reported  by  the  National  Emissions  Data  System 

•    (NEDS),     For  example,  examination  of  the  data 
indicates  that  industrial  process  losses  are 
^>r^|)ably  significantly  underestimated.  (See 
Chapter  U.) 

( 10)  Typically,  within  combustors  nitrogen 
oxide  is  formed  in  localized,  high-temperature 
regions  fc^  the  oxLdation  of  both  atmospheric 
nitrogen  ^thermal  NOx)   and  nitrogen  that  may  be 
contained  in  the  fuel   (fuel  NOx). ''(See  Chapter 
15.) 

(11)  ^       The  formation  of  nitrogen  oxide  in 
.-^  combustion  systems  can  be  suppressed,  with 

varying  degrees  of  success,  by  reducing  the 
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oxygen  content  and  temperature  in  the  localized 
r legions  of  ttie  furnace  contributing  to 
emissions^  usually  in  the  vicinity  cpf  the  flame. 
Reductions  in  the  oxygen  content  in  the  flame  ^ 
zone  reduce  the  emissions  of  both  fuel  .and 
thermal  NOx;  reductions  in  temperature,  however^ 
produce  significant  reductions  in  only  tfte 
thermal  NOx.    (See  Chapter  15.) 

(12)  .         Methods  that  have  been  used  to  reduce 
the  temperature  in  the  combustor  include  :  ^  (a)  - 
injection  of  cooled  combustion  products,  steam, 
or  water  into  the  flame  volume;   (b)   reduction  of 
the  temperature  to  which  combustion  air  is 
preheated;'  and  (c)   extraction  of  heat  from  the 
flame  VQlume.     (See  Chapter  15-) 

(13)  Methods  for  reducing  ^the  oxygen  content 
in  the  flarfie  zone  involve  lowering  the  volume  of 
air  suppli/ed  to  the  burners  by  reducing  the 
overall  axr/fuel  ratio  to  the  combustor  (low- 
excess-air  firing)   or  by  reducing  the  adbr/fuel 
ratio  for  some  burners  without  reducing  the 
overall  air/fuel  ratio  (staged  combustion)  •  (See 
Chapter  IS,) 


(14)  liOW-excess-air-f iring,  staged 

combustion,  flue-gas  recirculation,  watier 
injection,  and  reduced  air  preheat  are  control 
techniques  that  have  been  successfully 
demonstrated  on  utility  boilers.     The  latter  two 
methods,  however,  have  an  associated,  usually 
unacceptable,  penalty  in  thermal  efficiency. 
Using  combinations  of  the  techniques  listed 
above,  an  average  reduction  in  nitrogen  oxide 
emissions  of  60  percent  has  been  achieved  for 
gas-fired  utility  boilers,  48  peircent  for  oil- 
fired  boilers,  and  37  percent  for  coal-fired 
boilers.    (See  Chapter  15.) 

^([,15)  The  applicability  of  combustion  process 

Modification  to  existing  furnaces  must  be 
evaluated 'on  a  case-by-case  basis.     In  general, 
boilers  can  be  adapted  for  low-exc^ss-air  firing 
and  staged  combustion  without  major  modifi- 
cation.     Flue-gas  recirculation  may  be 


xli 


impractical  on  some  existing  units.  (See  Chapter 
15.) 

(16)  The  capital  costs  of  nitrogen  oxide 
emission  reduction  in  utility  boilers  vary 
widely  with  specific  installation  size  and 
design.     They  range  from  under  $0.50/kw  for 
staged  combustion  to  $6.00/kw  for  flue-gas 
recircufaitjon  on  existing  units,  and  from  near 
zero  for^'^staged  combustion  to  $4.00/kw  for  flue 
gas  recirculation  on  new  units.   (See  Chapter 
15.) 

(17)  The  leWl  of  control  achievable  on  in- 
dustrial boilers  is  close  to  bu-^  not  as  great  as 
that  attainable  with  utility  boilers.  (See 
Chapter  15.)  . 

(18)  Reduction  in  nitrogen  oxide  emissions 
from  stationary  engines  is  possible,  although 
such  reduction  is  often  accompanied  by 
significant  increases  in  fuel  consumption.  New 
engine  desj.gns  may  produce  substantial  re- 
ductions in  nitrogen  oxide  emissions  without  in- 
creasing fuel  consumption,  but Jfuther 
development  of  such  designs  is  required.  (See 
Chapter  15.) 

(19)  Fluidized  bed  combustion  of  coal  pro- 
vides, a  potential ' alternative  to  current  utility 
boiler  design.     Tests  on  laboratory  and  pilot- 
scale  fluidized  bed  combustors  have  yielded 
emissions  that  meet  the  current  standards  for 
new  coal-fired  units.     Tests  on  larger  scale 
units  are  needed  to  establish  practical  emission 
levels  for  commercial  applications.    (See  Chapter 
15.) 

(20)  The  only  intermittent  ccaitrol  strategy 
that  appears  practical  for  NOx  emission 
reduction  is  load  switching  of  electric  power 
generation.     Load  switching  has  limited 
applicability  because  of  the  variability  in  the 
contribution  of  •  electric  power  generation  to 
local  emissions.    (See  Chapter  15.) 

(21)  The  advantages  of  tall  stack  release  of 
sulfur  dioxide  to  reduce  ground  level 
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concentrations  do  not  apply  for  nitric  oxide. 
Tall  stacks  potentially  reduce  ground  level 
nitric  oxide  concentrations.     However^  nitric 
oxide  converts  to  nitric  acid  and  nitrates 
faster  than  sulfur  dioxide  converts  to  sulfuric 
acid  and  sulfates;  and  since  the  reaction 
products  precipitate^  there  is  a  greater 
potential  for  local  impact.   (See  Chapter  15.) 

(22)  There  is  considerable  uncertainty'  about 

the  effects  of  nitrogen  oxide  release  from  tall 
stacks  on  the  formation  of  photochemical 
oxidants  and  on  the  ground  level  concentrations 
of  oxidants  and  nitrogen  dioxide.    (See  Chapter 

15.)  <^  . 
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PART  ONE     «  ci> 
HEALTH  AND  ECOLOGICAL  EFFECTS  OF 
SULFUR  DIOXIDE  AND  SULFATES 


Part  One  x^ias  prepared  under  the  direction 
of  the  Assembly  of  Life  Sciences  of  the  National 
Research  Council.     Chapters  1  through  4  were 
v/ritten  by  Dr.  Bernard  Goldstein  of  the  Nev/  York 
University  Medical  Schoorl .     Chapter  5  is  the 
^  v/ork  of  Ian  C.   T.  Nisbet  of  the  Massachusetts 
Audubon  Society.     We  are  also  indebted  to  the 
anonymous  ^scientific  reviewers  who  have  contrib- 
uted materially  to  the  final  form  of  Part  One. 
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CHAPTER  1 
INTRODUCTION 


Air  quality  standards  for  selected  pollu- 
tants were  mandated  by  the  U.S.  Clean  Air  Amend- 
ments of  1970,  which  aimed  primarily  at  the 
protection  of  human  health  against  atmospheric 
contaminants.     The  act  states  that  among  its 
purposes  is  "to  protect  and  enhance  the  quality 
of  the  nation's  air  resources  so  as  to  promote 
the  public  health  and  welfare  and  the  productive 
capacity  of  its  population."  The  stimulus  for 
establishing  a  sulfur  dioxide  standard  was  a 
significant  body  of  evidence  indicating  that 
ambient  sulfur  dioxide  was  associated  with 
adverse  health  effects  at  the  high 
concentrations  measured  during  recognized  air 
pollution  diasters  and  with  less  severe  increase 
in  morbidity  and  mortality  at  lower  con- 
centrations. 

Much  additional  information  has  been  ob- 
tained since  the  original  air  quality  criteria 
document  for  sulfur  oxides  was  published  in 
early  1969   (USDHEW  1970).     In  general,, 
epidemiologic  studies  have  tended  to  confirm  the 
association  of  adverse  human  healtlh  effects  with 
ambient  sulfur  dioxide  concentrations  ^ound  the 
primary  standard  of  0^03  ppm  (80  ug/m3)*  cinnual 
arithmetic  mean.     The  maximum  24  hour  standard, 
not  to  be  exceeded  more  than  once  yearly,  is 
-.14ppm  (365  ug/m3)  ,     it  is  generally 
recognized,  and  should  be  emphasized  that  this 
epidemiologic  association  does  not  necessarily 
imply  causality,     in  fact,  exposure  of  humans  to 
sulfur  dioxide  in  chambers  has  shown  clearly 
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that  sulfur  dioxide  by  itself  is  incapable  of 
producing  an  acute  response  in  man  even  at 
concentrations  considerably  higher  than  0.0  3 
ppm. 

This  apparent  discrepancy  between,  epidemio- 
logic observation  and  the  results  of  controlled 
experiments  is  explainable  b^y  the  presence  in 
polluted  air  of  sulfur  dioxide  oxidation  pro- ✓ 
ducts   (such  as  sulfuric  acid  and  particulate 
sulfates) f  which  are  potentially  more  toxic ^  and 
possibly  by  the  synergistic  effects  of  sulfur 
dioxide  and  other  pollutants^  including 
particles  and  ozone^  within  the  respiratory 
system.     It  would  therefore  be  inappropriate  to 
use  the  failure  to  observe  a  human  T-g>.c:spnnfff^  ^n 
sulfur  dioxide  ^nrX^q  controlled  exposure  as  a 
reason  to  allow  ar>  increase  in  the  emission  of 
sulfur  dioxide. 

The  literatu^re  concerning  the  health  effects 
of  sulfur  oxide;^  has  recently  been  reviewed  by 
scientific  panels  in  the  United  States  and 
elsewhere   (NAS  1974,  Rail  1974,  Holland  1972, y 
NATO  1972) .     Those  reviews  have  generally  been 
organized  by  Scientific  subdiscipline,  which 
provides  a  useful  framework  for  consideration  of 
specific  points  and  integration  of  available 
information.     They  have  been  prepared  by 
competent  andf  thorough  panels  and  are  in  the 
public  rbcord,     yhe  "present  document  is 
organized  by  humati  disease  processes  that  are 
^believed  |to  be  related  to  the  effects  of  sulfur 
oxides,  a,'nd  both  animal  experiments  and 
controlled  human  exposures  will  be  discussed 
according  to  disease  process.     It  is  hoped  that 
this  formal  will  prove  more  intelligible  to 
nonscientists,  particularly  those  involved  in 
decisions  concerning  cleari  air  strategy. 
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ATMOSPHERIC  SOURCES,   INTERACTIONS  AND  SINKS 

An  understanding  of  the  sources,'  atmospheric 
reactions,  an<^  eventual  sinks  of  sulfur  oxides 
and  particles  would  be  of  enormous  value  in 
studying  the  health  effects  of  these  pollutants 
and  devising  appropriate  control  strategies. 
Despite  a  substantial  effortji  which  has  been 
reviewed  by  a  number  of  authors  (charlson  197a, ~ 
Goldstein  and  Nelson  197U,  Whitby  1974,  Urone 
an<3  Schroeder,   1969)  ,  our  knowledge  of  these 
processes  is  far  from  complete. 

Sulfur  exists  in  the  atmosphere  generally  in 
three  forms:     hydrpgen  sulfide,  sulfur  dioxide, 
and  particulate  sulfate.     Hydrogen  sulfide  is 
almost  completely  a  product  of  natural  sources, 
such  as  anaerobic  bacteria  (Grey  and  Jensen 
1972)  ,  but  is  also  to  a  small  extent  derived 
from  industrial  activity.     This  gas  is 
relatively  rapidly  oxidized  to  sulfur  dioxide 
and,  on  a  global  basis,  may  be  the  major  source 
of  atmospheric  sulfur  dioxide.     However,  man- 
made  sources  of  sulfur  dioxide,  particularly 
fossil-fuel  combustion,  predominate  in 
industrialized  areas  and  their  surroundings. 
Sulfate  %ki  the  atmosphere  mainly  results  from 
the  oxidation  of  sulfur  dioxide  or  is  derived 
from  sea  spray  in  the  form  of  sea-salt  / 


particles. 
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somewhat  larger  than  the  oxidation  products  of 
sulfur  dioxide  (Kellogg  et  al.   1972) .     if  so, 
sea-salt  sulfate  particles  should  be  less 
important  toxicologically ,  because  they  will 
tend  to  settle  out  of  the  atmosphere  more 
quickly  and^ill  not  penetrate  as  deeply  into 
the  respiratory  tract.     Almost  all  the  sulfur 
oxide-  emitted  from  the  stationary  combustion  of 
fossil  fuels  is  in  the  form  of  the  dioxide,  but 
about  2-5  percent  is  directly  released  as 
sulfuric  acid. 

Fossil  fuels  used  in  automobiles^generally 
contain  relatively  small  amounts  of  sulfur  and 
are  thus  insignificant  as  sulfur  dioxide 
sources.     However,  the  advent  of  catalytic 
converters  will  result  in  the  oxidation  of 
gasoline  to  sulfuric  acid  which  will  be  released 
in  the  exhaust.     This  could  conceivably  lead 
a  considerable  ground  level  of  sulfuric  acid, 
particularly  in  heavily  traveled  city  streets 
which  are  often  poorly  ventilated.  This 
potential  problem  requires  careful  consideration 
before  mandating  the  use  of  catalytic  converters 
(USEPA'  1975)  . 

A  number  of  authors  have  assessed  the  total 
atmospheric  sulfur  balance,  including  sources, 
atmospheric  residence  time,  and  eventual  sinks. 
At  present,  these  are  estimates,  inasmuch  as 
important  pertinent  information  is  lacking ' (Hill 
1973).     Of  particular  relevance  to  the  problem 
of  sulfur  oxide  control  is  the  extent  to  which 
natural  and  man-made  sources  -  contribute  to 
airborne  sulfur  dioxide  and  sulfate 
concentrations  in  the  United  States.     it  appears 
that  the  bulk  of  airbS^M.  gulf ur  dioxide  and 
sulfate  in  industrializec^  and  heavily  populated 
areas,  such  as  the  northeastern  united  states, 
is  derived  from  fossil-fuel  combustion 
(Altshuller  1973) .     However,  further  refinement 
of  the  data  is  necessary. 

The  atmospheric  residence  times  of  the  var- 
ious f?"lfur  oxides  are  not  precisely  known. 
Estimates  range  from  hours  to  weeks  for  sulfur 
dioxide  and  longer  for  fine  particulate  sul- 
fates.    Residence  time  depends  on  such  factors 
as  rainfall^  windspeed,  and  temperature.  it 
should  be  noted  that  climatologic  conditions 
affect  the  deposition  of  gaseous  sulfur  dioxide 
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and  of  particulate  sulfates  differently, 
Furtherisiore,  particle  size  and  density^  which 
also  depend  in  part  on  weather,  will  affect  the 
rate  at  which  particles  settle  out  of  the 
atmoQphere,     Presumably,  the  height  at  which 
pollutants  are  emitted  into  the  atmosphere  will 
also  modify  sulfur  oxide  residence  times • 
Although  the  exact  residence  times  have  not  been 
established,  there  is  ample  evidence  from 
European  and  American  studies  to  indicate  that 
sulfur  dioxide  and  its  oxidation  products  may  be 
distributed  up  to  hundreds  of  miles  downwind 
from  emission  sources,     with  the  possible 
exception  of  unusual  atmospheric  conditions  in 
highly  polluted  areas,  the  average  residence 
time  of  sulfuric  acid  is  presumably  very  short. 

The  eventual  sinks  for  sulfur  oxides  ^re  not 
fully  evaluated,  -  There  is  some  evidence  that 
the  oceans  are  major  endpoints  for  the  increased 
global  output  of  sulfur  compounds  reciting  from 
modern  industrialization   (Spedding  1972),  Rain 
plays  an  important  role  in  removing  atmospheric 
sulfur  oxicfes,  but  the  resulting  increase  in 
raindrop  ^<?4dity  is  believed  to  have  affected 
vegetation  in  the  United  states  and  northern 
Europe  adversely.     Sulfur  oxides  returned  to  the 
soil  may  be  reduced  to  hydrogen  sulfide  by 
anaerobic  bacteria  and  released  again  into  the 
atmosphere   (Abeles  and  Craker  .1971)  ,     It  is 
therefore  inappropriate  to  ascribe  to  natural 
sources  all  the  sulfur  dioxide  produced  by 
atmospheric  oxidation  of  hydrogen  sulfide  until 
further  information  is  available  concerning  the 
extent  to  which  fossil-fuel  sulfur  oxide 
deposited  in  the  soil  is  recycled.     This  would 
most  likely  be  inconsequential  on  a  global 
basis,  but  it  might  have  some  impact  in  regional 
air  quality  considerations. 

Sulfur  dioxide  in  the  atmosphere  is  subject 
to  a, complex  series  of  chemical  reactions.  For 
the  purpose  of  discussion  jDf  potential  health 
effects,  a  simplified  re^tction  scheme  can  be 
written: 


SO2  +  (0) 


(la) 


SO3  +  H2O 


H2SO4 


(lb) 


H2SO4  + 


XSO4 


(2) 
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\ 


+  HSO3 


(3) 


In  reaction  leX,  Qulfur  dioxido^  S02  io 
oxidized  to  Qulfur  trioxide^  S03  the  anhydrouo 
form  of  sulfuric  acid^  Inasmuch  ao 

gaoeouQ  oulfur  trioxide  reactQ  almoot 
inotantanoouoly  with  water  vapor  to  form 
sulfuric  acid  aeroQol  (reaction  lb) ,  reactiono 
la  and  lb  can  be  conoidered  to  be  a  oingle 
reaction  in  which  oulfur  dioxide  io  oxidized  to 
sulfuric  acid.    Thio  proceGo  occurs  naturally  in 
clean  air  and  sunlight  at  the  low  rate  of  about 
0.1  percent/hr.    However,  the  rate  is  greatly 
increased  by  the  presence  of  other  air 
contaminants  through  two  general  tnechanisms: 
catalysis  by-trace  air  ions,  particularly 
metals;  and  a  photochemical  oxidation  process 
initiated  by  light  in  which  hydrocarbons, 
nitrogen  oxides,  and  activated  forms  of  oxygen 
play  major  roles.     These  two  processes  will  be 
discussed  in  more  detail  below.    Once  formed, 
sulfuric  acid  may  react  fxirther  to  form 
particulate  sulfates,  as  indicated  in  reaction 
2,  in  which  X  represents  metals  or  ammonium. 
This  simplified  reaction  scheme  indicates  the 
three  forms  of  sulfur  oxides  that  are  usually 
considered  to  havd  potential  health  effects: 
sulfur  dioxide,  sulfuric  acid,  and  particulate  • 
Sulfates.     However,  it  does  not  indicate 
apparent  differences  in  health  consequences 
between  various  particles,  ahd  it  ignores  other 
potential  sulfur  oxide  pathogens,  such  as 
organic  sulfates  and  particulate  sulfites,  and 
possible  synergistic  effects  between  sulfur 
oxides  and  other  pollutants.     Furthermore,  X-ray 
photoelectron  spectroscopy  has  reportedly 
identified  seven  separate  chemical  species  of 
sulfur  in  pollutant  aerosols  in  California. 

Sulfur  dioxide  is  highly  soluble  in  water. 
In  the  absence  .of  processes  leading  to  its 
oxidation,  sulfur  dioxide  forms  the  weakly 
acidic  sulfurous  acid,  H2SO3,  which  dissociates 
to  bisulfite  ion,^  HSO3,  oryBulfite  ion,  SO-, 
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depending  on  the  pH  of  the  aqueous  solution 
(reaction  3) •     Two  major  types  of*analytic 
procedures  have  been  used  to  measure  sulfur 
dioxide  i'h  conjunction*  with,  the  epidemiologic 
studies  to  be  described  below.     Earlier  studies- 
usually  measured  the  sulfatiion  rate  of  a  lead 
peroxide  candle  over  relatij^ely  long  periods. 
This  procedure  is  somewhatj^at  the  mercy  of 
meteorologic  conditions  a^fd  may  to  some  extent 
include  other  sulfur  oxides.     More  recent 
studies  have- used  volumetric  measurements  of 
sulfur  dioxide^*^at  are  generally  accurate  and 
reliable.  \ 

The  catalytic  oxidation  of  sulfur  dioJtid^ 
ocours  in  water  droplets  or  on  suspended  solio^' 
particles  that  contain  absorbed  sulfur  dioxide 
and  cations  gapable  of  accelerating  the 
oxidation  of  sulfur  dioxide  to  sulfuric  acid 
(Chun  and  Quon  1973,  Cheng  et  al.   1971,  Foster 
1969,  Gartrell  et  al.   1963,  Johnstone  and  Moll 
1960,  Johnstone  and  Coughanowr  1958,  Junge  and 
Ryan  1953) .     The  metallic  cations  implicated  in 
this  process  include  vanadium,  fron,  manganese, 
copper,   l^ad,  and  aluminum;  many  of  these  are 
present  in  effluents  with  sulfur  dioxide.  Among 
th^.  numerous  variables  that  affect  this  complex, 
reaction  are  the  atomospheric  concentrations  of 
sulfur  dioxide  and  the  participating  cations, 
the  efficiency  of  the  catalyst,  the  adsorption 
rate  of  sulfur  dioxide  and  its  diffusion  within 
the  aerosol,  and  the  size  and  pH  of  the  aerosol.' 
These  are  in  turn  affected  by  weather  factors, 
including  relative  humidity   (which  has  a  major 
influence  on  droplet  size)   and  temperature 
(which  controls  the  solubility  of  sulfur 
dioxide) .     Under  uniform  conditions,  the 
reaction  tends  to  turn  itself  off,  in  that  it  is 
inhibited  Dy  the  lower  pH  resulting  from  the 
formation  of  sulfuric  acid,  which  decreases  the 
solubility  of.  sulfur  dioxide-     However,  at  lower 
pH,  water  vapot  is  more  likely  to  add  on  to  the 
aerosol,  thereby  decreasing  the  hydrogen  ion 
concentration  (increasing  the  pH)   and  allowing 
the  reaction  to  proceed.     In  this  respect,  the 
presence  of  alkaline  compounds,  such  as  metal 
oxides  and  ammonia^  is  also  important,  in  that 
they  will  increase  the  reaction  rate  by 
buffering  droplet  acidity.     Elucidation  of  the 
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catalytic  oxidation  of  sulfur  dioxide  may  be 
important  to  an  understanding  of  the  potentially 
toxic  reactions  that  occur  within  the 
respiratory  tracts  where  the  relative  humidity 
is  high. 

The  photochemical  oxidation  of  sulfur 
dioxide  is  also  a  highly  complex  process  that  is 
incompletely  understood  (James  et  al.  1973^ 
Atkins  et  al,   1972) •     The  requirement  for 
sunlight  limits  this  reaction  to  daylight  hours, 
which  is  not  the  case  for  the  catalytic 
oxidation  of  sulfur  dioxide.  Information 
concerning  atmospheric  phptochemical  reactions 
has  be'en  derived  mainly  from  studies  of  the 
formation  of  ozone  from  oxygen.  Superficially, 
the  oxidation  of  sulfur  dioxide  to  sulfur 
trioxide  appears  similar,  in  that  it  is 
predominantly  a  gas- phase  reaction  in  which 
free-radical  intermediates  and  excited  spates  of 
oxygen/ are  central.     These  reactive  species  are 
produced  mainly  by  the  action  of  light  on 
nitrogen  oxides  in  the  presence  of  hydrocarbons,' 
Resulting  hydrocarbon  radicals,  singlet  oxygen, 
and  oxygen  atoms  have  all  been  implicated  in 
sulfur  dioxide  oxidation.     One  possible 
complication  is  that  the  forihation  of  Sulfuric 
acid  aerosol'  conceivably  decreases  sunlight  and 
thereby  lessens  the  rate  at  which  further 
sutf-uric  acid  is  formed,     O^one  itself  can  also 
oxidize  sulfur-  dioxide  in  the  presence  o^water 
droplets,  but  this  reaction  oc.curs  very  slowly 
in  the  gas  phase  (Cox  and  Penkett  1972),     It  has 
recently  been  observed  that  photochemical 
reactions  occur  i%^a  power-plant  plume, 
resulting  in  the  production  of  both  ozone  and 
sulfuric  acid  (Davis  et  al,   1974)*  A 
synergistic  effect  of  ozone  and  sulfur  dioxide 
on  human  pulmonary  function  has  also  been 
observed. 

The  relative  contributions  of  the  catalytic 
and  chemical  processes  to  sulfuric  acid 
formation  in  polluted  air  are  unknown.  The 
concentration  and  chemical  composition  of  the 
nonsulfur  components  of  the  pollutant  mixture 
seem  important,     A  theoretical  approach  to  this 
problem  has  been  presented  by  Judeikis  and 
Siegel  (1973), 
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Much  of  the  available  information  on  rate 
constants  of  the  individual  reactions  was  ob- 
tained from  air-chamber  studies,  and  some 
caution  is  necessary  in  extrapolating  the 
results  to  ambient  conditions •     The  few  studies 
performed  in  ambient  air  have  led  to  the 
estimate  of  well  over  2  percent/hr  for  the  rate 
of  oxidation  of  sulfur  dioxide  in  polluted  air, 
A  number  of  chamber  and  ambient  studies  are 
tabulated  in  more  detail  in  the  Rail  report 
(1974)  • 

These  considerations  illol^trate  the  enormous 
complexity  of  atmospheric  sulfur  oxide  interac- 
tions and  highlight  the  potential  importance  to 
air  pollution  control  of  ascertaining  the  extent 
to  which  the  various  contaminants  participate  in 
^producing  adverse  health  effects  or  forming \the 
offending  agents •     Two  types  of  informa^tion  kre' 
obviously  necessary:  the  relative  toxicities  of 
the  various  airborne  sulfur  oxides,  and  the 
sources  and  atmospheric  processes  that  result  in 
their  formation.     These  subjects  are  under 
<3Sludy,     However,  available  evidence  indicates 
that  further  elucidation  of  these  processes  will 
OOt  result  in  the  identification  of  a  single 
sulfur  oxide  derivative  that  is  both  solely 
responsible  for  health  effects  and  uniquely 
controllable.     Therefore,  although  further  study 
is  important,  the  most  likely  outcome  pertinent 
to  air  pollution  control  will  probably  be  the 
confirmation  of  the  need  to  decrease  atmospheric 
emission  of  the  precursor  compound,  sulfur 
dioxide. 

The  nattiral  background  concentrations  of 
sulfur  oxides  are  difficult  to  ascertain, 
because  of  the  widespread  dissemination  of  these 
compounds  from  fossil-fuel  combustion.  For 
sulfur  dioxide,  the  natural  background 
concentration  appears  to  be  less  than  0.00  5  ppm. 
In  comparison,  short-term  concentrations  well 
over  1  ppm  have  been  reported  during  severe  air 
.  pollution  episodes.     The  U.S.   standard  of  0.03 
ppm  (annvi^l  aritimietic  mean)   has  recently  been 
achieved  in  most  urban  areas  with  the  use  of 
low-sulfur  fuels.     The  maximal  allowable  24-hr 
concentration  is  0,14  ppm,  not  to  be  exceeded 
more  than  once  a  year. 


Very  little  information  is  available  on 
ambient  sulfuric  acid  concentration,  because 
there  has  been  no  adequate  analytic  method,^  On 
the  basis  of  indirect*  methods,  sulfuric  acid  has 
been  reported  to  account  for  12-60  percent  of 
total  atmospheric  sulfate.     Promising  new 
techniques  have  recently  been  developed  ' 
(Charlson  et  al,   1974,  West . et  al,  1974), 
Presumably,  the  natural  background  concentration 
is  negligible^ 

Particulate  sulfate  concentrations  have  been 
measured  in  a  number  of  localities  for  more  than 
a  decade,  so  more  information  is  available.  But 
there  is  some  question  concerning  the  validity 
of  the  monitoring  technique.  One  problem  is  the 
possibility  that  sulf^es  detected  on  the  filter 
paper  of  a  high-volume  sam{)ler  have  been  formed 

situ  by  catalytic  oxidation  of  sulfur  dioxide 
drawn  through ^the  apparatus   (Forrest  and  Newman 
1973).     Although  this  has  undoubtedly  been  a 
source*  of  error   (which  it  is  hoped  will  be 
avoided  by  newer  sampling  techniques) , 
evaluation  of  the  data  suggests  that  the 
estimation  of  the  sulfate  burden  in  various 
communities  has  been  reasonably  accurate 
qualitatively,  and  perhaps  quantitatively,  in 
particular,  that  possible  source  of  error  would 
not  account  for  the  consistently  observed  higher 
ratio  of  suitates  to  sulfur  -dioxide  in  rural 
air.     The  rather  significant  ruiTal  sulfate 
burden,  despite  minimal  sulfur  dioxide  content, 
has  been  especially  evident  in  the  Northeast  and 
has  led  the  Environmental  Protection  Agency  to 
Suggest  that  long-range  transport  of  sulfur 
oxides  produced  by  the  relatively  prevalent 
fossil-fuel  combustion  in  this  area  has  produced 
a  regional  decrease  in  air  quality. 
Representative  data  from  the  study  of  Altshuller 
(1^73)   indicate  that  the  annual  average  sulfate 
concentration  in  eastern  urban  areas  is  about 
13,5  ug/m3,  compared  with  6,4  ug/m3  in  western 
urban  areas,     Nonurban  sulf ate'concentration  in 
^he.EasL  averaged  8,1  ug/m3,  and  in  the  west, 
2,6  ug/m3.     Owing  to  the  generally  higher  sulfur 
dioxide  concentration  in  eastern  urban  areas, 
the  ratio  of  sulfur  dioxide  to  particulate 
sulfate  was  higher  in  eastern  than  in  western 
cities,     Altshuller  found  that  particulate  . 


sulfate  and  sulfur  dioxide  concentrations  are 
linearly  related  only  at  lower  sulfur  dioxide 
concentrations.     At  higher  sulfur  dioxide 
concentrations,  sulfate  concentrations  appear  to 
flatten  out.     If  validated  with  improved 
analytic  technique^,  this  observation  might 
indicate  a  limitation  in  the  oxidation  of  sulfur 
dioxide  within  urban  boundaries. 

It  must  be  emphasized  that  particulate  . 
sulfates  constitute  a  group  of  compounds  and 
that  there  is  evidence  of  a  difference  in 
inherent  toxicity  between  individual  components 
of  the  group.     Accordingly,  in  addition  to 
measuring  total  sulfates,  it  is  necessary  to  . - 
determine  accurately  the  composition  of  this 
particulate  fraction.     The  pH  of  particulate 
sulfates  also  appears  to  be  important,  in  that 
acid  sulfates  have  been  found  to  have  greater 
^  pulmonary  effects  in  guinea  pigs  than  neutral 
sulfates.     The  role  of  the  weakly  basic  ammonia 
in  forming  acid  sulfates  has  been  evaluated  in  a 
few  controlled  chamber  studies;  atmospheric 
ammonia  in  the  parts-per-billion  range  may  have 
a  significant  impact  on  the  formation  of  acid 
sulfates   (McKay  1971,  Van  Den  Heuvel  and  Mason 
1963). 

Of  utmost  importance  to  sulfur  oxide 
toxicity  Jjs  the  observation  that  the 
overwhelming  majority  of  sulfate  compounds 
derived  fkrom  fossil  fuels  are  in  the 
submicrom^ter  range  and  can  therefore  penetrate 
deeply  into  the  respiratory  tract.     It  is 
generally  accepted  that  only  these  smaller 
particles  are  responsible  for  the  health  effects 
associated  with  suspended  particles.  Although 
sulfates  make  up  only  10-25  percent  of  total 
suspended  particles  in  many  areas,  tiiey 
undoutedly  form  a  larger  fraction  of  the  small 
particles  responsible  for  health  effects. 

Particles  are  derived  from  many  sources, 
both  natural  and  man-made.  Stationary 
combustion  of  fossil  fuel  is  a  major  source  of 
particles  in  urban  air,  both  because  of  its 
sulfur  content  and  because  of  -the  presence  of 
trace  elements.     However,  the  exact  sources  and 
invpntory  of  particles  in  polluted  air  are  not 
known  and  presumably  depend  heavily  on  local 
factors. 
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I        Most  of  the  studies  of  adverse  healt^j 
i^f fects  discussed  below  have  used  one  of  two 
methods  to  determine  particles.     The  preferred 
method  in  the  United  States  has  been  the  usse  of 
a  high-volume  sampler  to  draw  a  standard  amount 
of  air  through  filter  paper;  the  trapped 
material  is  weighed  and  reported  as  total 
suspended  particltes.     Europeans  have  generally 
used  a  pr6c(^dure  differing  in  a  number  of 
respects^  including  the  final  analysis,  which 
depends  on  the  darkness  of  the  material  on  the 
filter  paper,  referred  to  as  smoke.     Both  are  ^ 
reported  in  micrograms  per  cubic  meter  (ug/m^) 
of  air.     Concentrations  of  total  suspended 
particles  tend  to  be  about  1.5-2.5  times  higher 
than  concentrations  of  smoke  shade  when  the  Scune 
air  is  Rested,  although  the  difference  is 
smaller  at  high  concentrations   (Commins  and 
Waller  1967). 

The  total-suspended-particles  method  appears 
to*  be  preferable,  because  it  does  not  depend  on 
the  color  of  the  particles,  but  both  procedures 
have  serious  limitations  from  the  point  of  view 
of  determining  health  effects.     It  is  clear  that 
only  particles  smaller  than  abouj:  2-3  urn  in 
diameter  can  penetrate  deeply  into  the  lung. 
Furthermore,  the  ^xact  composition  of  the  parti- 
cles may  be  very  important,  with  respect  to 
production  of  respiratory  tract  damage.  The 
available  data  indicate  that,  for  a  given 
concentration  of  total  suspended  particles, 
there  may  be  a  wide  range  in  the  frax:tion  that 
is  respirable  or  that,  is  of  a  specific  form, 
such  as  sulfates  or  nitrates.     Accordingly,  the 
total  suspended  particulate    or  sm6ke  shade 
procedures  r'esult  in  only  an  indirect 
measurement  of  those  particles  in  polluted  air 
which  are  injurious.  '  Furthiormore,  the  cation 
content  of  respirable  particulates  has  generally 
not  been  measured,  nor  have  the  potential  health 
effects  of  such  cations  been  explored  in  detail. 


METHODS  OF  STUDY  OF  SULFUR  OXID^E  HEALTH  EFFECTS 

In  Vitro  Studies 

Test-tube  studies  in  i^;hich  cells  or  cellular 
constituents  are  exposed  to  pollutants  have  as 
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their  njajor  goal  the  delineation  of  the  bio- 
chemical mechanism  of  pollution  action.  These 
studies  are  also  valuable  in  ascertaining 
characteristics  that  may  be  useful  in  further 
studies  of  animals  or  humans  exposed  to  pollu- 
tants.    It  must  be  emphasized  that  dose-response 
data  obtained  from  such  studies  cannot  be 
readily  generalized  to  humans  breathing  polluted 
air.     Therefore,  although  this  approach  is  a 
necessary  part  of  evaluating  pollutant  effects, 
it  does  not  directly  provide  information 
concerning  acceptable  concentrations  for 
population  exposure.     Whether  in  vitro  studies 
indicate  that  low  or  high  doses  of  a  pollutant 
produce  an  effect  /(nay  be  meaningless,  unless  the 
actual  dose  delivered  in  vivo  is  known.  There 
are  a  number  of  mechanisms  by  which  pollutants 
can  be  prevented  from  reaching  a  given  target 
site  or  alternatively  concentrated  to  high 
levels  in  that  area.     However,   in  vitro  studies 
can  indicate  which  of  many  potential  toxic 
effects  might  predominate  in  a  given  tissue. 


Animal  Experiments 

The  exposure  of  animals  to  defined 
concentrations  of  pollutants  is  an  important  and 
necessary  toxicologic  approach.     Compared  with 
experimental  human  exposure^   animal  studies  have 
the  significant  advantage  of  allowing  the 
investigator  to  obtain  samples  and  use 
concentrations  that  would  otherwise  be  precluded 
by  ethical  considerations.     They  are  generally 
simpler  and  much  less  expensive.     In  addition, 
animal  studies  provide  the  only  reliable  method 
of  ascertaining  the  long-term  effects  of 
controlled  pollutant  exposures.     In  the  case  of 
sulfur  Oxide  toxicity,  important  information  has 
been  obtained  from  animal  studies  that  has  had 
pertinent  input  into  the  design  and 
understanding  Of  both  humcin- exposure  and 
epidemioloaic  aoproaf^v^^^R.     The  difficulties  in 
extrapolating  animal  data  to  man  are  derive^  to 
a  large  extent  from  species  differences.  This 
is  particularly  true  for  pulmonary  effects,  in 
view  of  the  relatively  marked  difference  in 
respiratory  tract  anatomy  and  phys-iol(?gY  between 
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man  and  most  laboratory  animals.     A  further 
difficulty  is  the  inability  of  the  laboratory 
animal  to  communicate  such  subtle  effects  as 
discomfort  and  irritation.     It  should  be  noted 
th^t  the  usual  conservative  toxicologic  approach 
is  to  assume  that  any  effect  observed  in  animals 
at  a  given  dose  can  also  be  observed  in  man.  In 
addition,  in  the  extrapolation  of  standards  from 
animal  studies  to  man,  it  has  generally  been 
considered  prudent  to  use  a  substantial  safety 
margin  b^low  the  minimal  effective  tfose  in 
animals.     However,  a  smaller  safety  factor  is 
required  in  situations  where  adequate  human 
dose-response  data  are  available. 


Controlled  Human-Exposure  Experiments 

Controlled  human-exposure  studies  in  which 
volunteers  inhale  defined  concentrations  of  air 
pollutants,  either  singly  or  in  mixtures,  have 

fovided  significant  information  concerning  the*^ 
fects  of  sulfur  oxides.     This  approach  allows 
termination  of  a  doseresponse  curve  and  in 
me  cases  the  establishment  of  the  minimal 
"effective  dose. 

However,  controlled  human-exposure  experi- 
ments have  some  limitations.     As  pointed  out 
above,  this  approach  is  often  cumbersome  and 
costly  and  is  restricted  in  the  measurable 
response  characteristics.     The  pollutant  dose  is 
delivered  in  an  artificial  manner,   in  that  the 
pollutant  mixture  usually  present  in  ambient  air 
is  not  duplicated.     Accordingly,  unless  the 
investigator  is  specifically  aware  of  possible 
synergistic  pollutant  interaction,  controlled 
human  exposure  to  an  individual  pollutant  may 
provide  misleading  results.     In  the  case  of 
sulfur  dioxide,  the  failure  of  usual  ambient 
concentrations  to  produce  effects  in  normal  man 
has  led  to  the  erroneous  interpretation  that 
this  compound  is  without  harm  at  these 
concentrations*. 

Another  limitation  of  human-exposure  experi- 
ments is  that  generally  healthy  people  are 
studied,  rather  than  sensitive  population 
groups,  because  the  latter  are  often  too  sick  to 
be  subjected  to  these  studies.     A  no-effect 
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exposure  of  healthy  volunteers  to  pollutants  may 
not  be  pertinent  to  susceptible  subjects. 
Furthermore^  human-exposure  studies  usually 
measure  only  acute  responses  to  pollutants  and 
have  rarely  provided  any  insight  into  the 
possible  effects  of  chronic  exposure.  Inasmuch 
as  pollutant  concentrations  that  produce  chronic 
disease  after  many  decades  of  exposure  do  not 
necessarily  result  in  a  measurable  acute 
response^  one  cannot  with  complete  safety  use 
no-effect  concentrations  in  studies  of  human 
acute  responses  as  the  sole  basis  for  air 
quality  standards. 


Epidemiologic  Studies 

In  comparison  with  other  fields  of 
scientific  endeavor^  the  epidemiologic  approach 
used  for  the  study  of  air  pollutant  effects  is 
relatively  crude  and  expensive.     However^  when 
properly  performed r  it  has  provided  very  useful 
information.     Furthermore^  epidemiologic  studies 
are  absolutely  necessary  to  ascertain  the 
minimal  concentrations  of  air  pollutants  that  i 
produce  deleterious  health  effects  in  human 
populations. 

The  ideal  information  to\ be  extracted  from 
epidemiologic  studies  would  be  an  accurate  dose- 
response  curve  for  health  effects.     A  major 
problem  pertinent  to  investigation  of  sulfur 
oxides  is  the  great  difficulty  involved  in 
quantitating  dose.     The  bulk  of  available 
epidemiologic  studies  evaluating  sulfur  Oxides 
are  seriously  limited  by  the  lack  of  acctirate  mtk 
dose  information  for  sulfuric  acid  and 
respirable  particulate  sulfates.     In  most 
earlier  studies^  measurements  of  only  sulfur 
dioxide  and  total  suspended  particles  are 
available.     However^  the  evidence  indicates  that 

^neithexL^of  the.sp  mpasurement^  directly  reflects  

potential  health  effects^  in  that  oxidation 
products  of  sulfur  dioxide  are  probably  more 
responsible  for  health  effects  than  sulfur 
dioxide  alone  and  because^  of  the  total 
suspended  particles^  only  the  smaller  ones  can 
penetrate  into  the  respiratory  tract. 
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Another  frequent  difficulty  with  ^osage  data 
in  epidemiologic  studies  is  that  the  number  of 
measuring  stations  is  too  small  to  identify 
pollutant  concentrations  over  a  large  area.  The 
reports  of  Corn  and  lo  Goldstein  (Goldstein 
197a,  Corn  1970)   indicate  the  problems 
associated  with  such  an  approach.     However^  even 
if  sufficient  monitoring  stations  are  used  in  an 
area  to  assess  ambient  concentrations 
accurately,  the  problem  is  compounded  by 
microenvironmental  variations.     Exposure  of  an 
individual  varies  greatly,  depending  on  his 
exact  location  and  activity,     workers  might 
spend  a  large  portion  of  the  day  in  completely 
different  pollution  environments  than  those  who 
stay  at  home.     There  is  also  a  marked  difference 
between  indoor  sulfur  dioxide  and  outdoor  sulfur 
dioxide,  and  this  is  modified  further  by  the 
exact  location,  (Benson  et  al.   1972,  Wilson  1968, 
Biersteker  et  al.   1965).     Indoor  sulfur  dioxide 
concentrations  depend  on  building  material,  wall 
and  floor  coverings,  and  the  nature  of  heating 
and  cooling  systems.     Outdoors,  it  has  been 
shown  that  greenery  is  able  to  remove 
STibstantial  amounts  of  sulfur  dioxide  (Martin 
and  Barber  1970);  thus,  there  would  presumably 
be  a  difference  in  individual  exposure, 
depending  on  whether  a  shrub  were  upwind  or 
downwind  from  a  pollution  source.  These 
considerations  point  out  the  potential 
usefulness  of  developing  a  personal  monitor  for 
epidemiologic  studies. 

Recent  epidemiologic  studies  of  acute  health 
effects  have  begun  to  measure  concentrations  of 
suspended  sulfates  and  to  quantitate  more 
accurately  the  size  distribution  and  chemical 
characteristics  of  particles,  so  more  accurate 
dose  data  should  be  forthcoming.     However,  the 
relative  lack  of  sudh  information  in  the  past 

hamper^  dptprmination  of  the  Lule  kj£  fctuiruiic  

acid  and  particulate  sulfates  in  causing  or 
aggravating  chronic  respiratory  disease,  which 
presumably  reflects  the  cumulative  effects  of 
inhalation  of  pollutants  over  a  period  of 
decades.     Long-term  sulfate  monitoring  data  are 
available  for  various  sites,  and  reasonably 
valid  assumptions  can  be  made  by  extrapolating 
present  monitoring  and  emission  information  to 
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the  paQt^  GO  that  epidemiologic  studies  of  the 
prevalence  of  chronic  disease  in  relation  to  in- 
dividual sulfur  oxides  are  not  totally 
precluded. 

In  terms  of  the  response  side  of  the  dose- 
response  curve  for  sulfur  oxides,  a  relatively 
large  mass  of  information  is  available  on  both 
acute  and  chronic  effects.     Numerous  studies 
have  evaluated  the  effects  of  short-term 
exposures  on  acute  responses,  such  as  mortality, 
and  on  various  indicators  of  respiratory 
morbidity.     For  such  studies  to  provide  valid 
information,  other  factors  must  also  be 
evaluated.  /  Unfortunately,  variables  like 
temperature  and  influenza  epidemics  have  often 
not  been  taken  into  account.  Furthermore, 
different  analytic  and  statistical  approaches 
have  been  used  to  evaluate  the  available  data, 
which  makes  it  difficult  to  compare  studies 
performed  by  different  investigators.     The  most 
thorough  studies  will,  of  course,  develop  a 
highly  complex  set  of  data,  which  will  require 
great  sophistication  to  handle  and  analyze.  In 
such  situations,  interpretation  of  the  appli- 
cability of  the  results  can  be  difficult.  For 
instance,^  the  finding  that  one  particular 
response  is  statistically  related  to  a  parti- 
cular dose  of  a  pollutant  at  the  S  percent  level 
of  confidence        =  0.05)  — i.e.,  there  is  a  1- 
in-20  possibility  that  the  result  is  due  solely 
to  chance        would  have  questionable  value  in  a 
study  in  which  20  sets  of  response-dose 
combinations  were  evaluated. 

Another  point  should  be  noted  on  the  subject 
of  the  relevance  of  epidemiologic  studies  of 
acute  nonlethal  responses  in  setting  air  quality 
standards:     The  question  of  what  constitutes  a 
disease  effect  and  what  can  be  considered  a 
normal  nonharmful  response.     As  an  extreme,  it 
could  be  argued  that  there  is  no  need  to  protect 
an  entire  population  against  a  pollutant 
concentration^fchat-causas-^^few^  susceptible 
people  to  cough  once  a  day.     To  the  extent  that 
measured  acute  responses  can  be  considered 
completely  reversible,  their  importance  is  open 
to  question.     However,  although  a  cough  itself 
may  be  merely  a  transient  symptom,  it  may  also 
indicate  an  acute  irreversible  effect  on  the 
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respiratory  tract.     It  is  also  conceivable  that 
repeated  reversible  adaptive  changes  over  a 
period  of  many  decades  may  lead  inexorably  to  a 
chronic  disease  process. 

The  resolutipn  of  this  question  must  ulti- 
mately oome  from  epidemiologic  studies. of  the 
chronic  effects  of  eKposure  to  pollutants.  Such 
studeis  have  often  taken  the  approach  of 
determining  the  prevalence  of  respiratory 
disease  in  ccanmunities  with  different  degrees  of 
pollution.     Thf  prevalence  of  respiratory 
disease  has  ud\ially  been  measured  by 
administration  of  a  questionnaire,  sometimes  in 
conjunction  with  pulmonary- function  tests. 
Major  requirements  for  the  successful  completion 
of  such  studies  include  the  u^e  of  a  valid 
questionnaire,  the  determination  of  pulmonary 
function  with  equipment  that  gives  reproducible 
results,  and,  most-  important,  the 
standardization  and  minimization  of  observer 
variation.     Unfortunately,  such  requirements 
have  not  been  fully  met  in  all  studies.  There 
is  also  the  problem  of  using  communities  that 
differ  only  in  their  pollution.  Occupational 
exposures,  socioeconomic  and  ethnic  differences, 
and  time  of  residence  in  the  area  may  l?lur  the 
findings.     Cigarette-smoking,  the  most  important 
factor  in  respiratory  disease,  must  be  carefully 
evaluated.     Recent  studies  have  even  suggested 
that  cigarette-smoking  by  parents  may  increase 
the  frequency  of  respiratory  disease  in  their 
children  (Colley  1974,  Nelson  et  al.  1974). 
Subtle  differences  in  life  style  may  be  impor- 
tant and  may  account  for  the  observed  higher 
prevalence  of  respiratory  disease  in  urban  thar^ 
in  rural  areas.     To  the  extent  that  exercise 
improves  cardiopulmonary  function,  the  rural 
resident  may  have  an  advantage  over  the 
sedentary  urban  resident.     In  addition,  it  is 
possible  that  some  people  with  chronic 
respiratory  disease  move  into  the  city  in  searcn 
of  better  medical  care  or  out  of  the  city  to 
escape  pollution. 

Another  approach  to  the  determination  of  the 
effect  of  air  pollution  on  the  prevalence  -^f 
respiratory  disease  is  to  study  communities 
repetitively  as  their  degree  of  pollution 
changes.     This  has  the  distinct  advantage  of 
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allowing  individual  cocununitiea  to  serve  as 
their  own  controls,     in  retrospect,  it  is 
unfortunate  that  intensive  community  studies 
were  not  started  in  the  middle  of  the  last 
decade  and  continued  through  sticceeding  years  in 
cities  that  experienced  a  marked  decline  in 
sulfur  dioxide  concentration  owing  to  pollution 
control  measures.     Recent  fluctuations  in  the 
availability  of  lowsulfur  fuel  may  provide  an 
opportunity  to  perform  such  studies. 

This  discussion  has  focused  generally  on  the 
difficulties  in  performing  and  interpreting 
epidemiolpgic  studies  related  to  the  effects  of 
sulfur  oxides,     it  must  be  emphasized  that 
careful  epidemiologic  studies  can  yield 
excellent  information  concerning  the  health 
effects  of  air  pollutants.     Such  studies  have 
clearly  indicated  a  causal  role  of  atmospheric 
sulfur  oxides  in  human  disease.    At  the  present 
time,  the  critical  considerations  disci^bsed 
j^pve  are  significant  mainly  in  determining 

sulfur  oxide  con-^aminant  at  what 
concentration  produces*  how  much  disease, 

KORWAL  LUNG  FUNCTION  IN  RELATION  TO  SULFUR 
OXIDE  HEALTH  EFFECTS 

Respiration  is  a  complex,  finely  tuned 
prdcess  that  results  in  the  delivery  of  oxygen 
to  the  bloodstream  and  the  removal  of  carbon 
dioxide.     Air  is  brought  into  the  respiratory 
system  through  either  of  two  external 
passageways,  the  nose  and  the  mouth.     These  join 
at  the  back  of  the  throat  ^nd  lead  through  the 
larynx  into  the  trachea.     In  the  upper  part  of 
the  chest,   the  trachea  subdivides  into  right  and 
left  mainstem  bronchi,  which  lead  to  the  lungs. 
The  bronchi  further  subdivide  about  26  times, 
becoming  progressively  sm&ller  in  diameter  until 
reaching  the  alveoli.     The  alveoli  are  sac-like 
bags  surrounded  by  blood-containing  capillaries 
in  which  gases  are  exchanged  betwp<:>n  blood  and 
the  ail.  L^jLought  down  the  bronchial  tree. 
Optimal  gas  exchange,  the  major  function  of  the 
lungs,  requires  an  appropriate  balance  between 
blood  flow  and  the  volume  of  air  reaching  the 
alveoli.     Both  are  influenced  by  a  host  of 
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neuronal,   phyoical,  and  humoral  factors.  Sulfur 
dioxide  seems  to  affect  the  delivery  of  gases  to 
and  from  the  alveoli,  rather  than  »blood  flovj 
itself  or  tl^e  intra-alveolar  gas-ejtchange 
process.     Hov/ever,  there  is  some  evidence  that 
inhalation  of  aerosols  of  sulfurte  acid,  and 
perhaps  partitrulate  sulfates,  v;hi^h  are  small 
enough  to  penetrate  far  into  the  lung,  may  alter 
alveolar  gas  exchange.     In  addition,  the 
susceptibility  of  p^rtients  with  cardiac  disease 
to" air  pollution  episodes  and  the  apparent 
reflex  connections  between  the  heart  and  lungs 
make  it  at  least  possible  that  sulfur  oxide 
inhalation  secondarily  affects  cardiopulmonary 
hemodynamics. 

The  respiratory  consequences  of  the  inhala- 
tion .of  sulfur  oxides  and  particles  depend 
greatly  on  which  external  orifices  are  in  use. 
The  convoluted  and  moist  nasal  passageways  are 
extremely  efficient  filters  for  highly  soluble 
gases,  such  as  sulfur  dioxide,   and  for  particles 
(Vaughan  et  al.    1969,  Frank  et  al.      1967,  Frank 
and  Speizer  1965,   Dalhamn  and  Strandberg  1963). 
A  number  of  studies  have  indicated  that  quiet 
breathing  through  the  nose  results  in  almost 
total  clearance  of  sulfur  dioxide  and  of  larger 
particles.     However,  it  must  be  emphasized  that 
there  is  evidence  suggesting  a  nasal-bronchial 
reflex  whereby  stimulation  of  the  nasal  mucosa 
results  in  constriction  of  the  bronchi.     It  has 
been  hypothesized  that  the  nasal  mucosal 
concentration  of  sulfur  dioxide  required  to 
produce  bronchoconstriction  may  be  lower  than 
the  bronchial  concentration  required  (Andersen 
et  al.    1974).     Although  there  is  some  evidence 
to  support  the  latter  hypothesis, 
bronchoconstriction  in  response  to  nasal  sulfur 
dioxide  has  been  observed  cr.ly  at  relatively 
high  pollutant  concentrations.     It  is  therefore 
doubtful  whether  inhalation  of  gaseous  sulfur 
dioxide  solely  through  the  nose  at  ordinary 
ambient  concentrations  has  in  itself  any  direct 
untowai.J  effect  in  man.     Whether  the  discharge 
of  nasal  receptors  at  co      ^ntrations  below  the 
threshold  to  produce  t ^  ' \,        'onstriction  has  an 
additive  effect  with  < 1 ] •  ant  and 
nonpollutant  bronchi      r    ti i   ;       ♦ .ctors  is 
unknown. 
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The  mouth  is  a  far  less  efficient  filter 
than  the  nose  and  permits  a  much  higher  concen- 
tration of  inhaled  gaseous  or  particulate  agents 
to  reach  the  upper  airways.     A  propensity  to 
breathe  through  the  mouth  would  therefore  be 
expected  to  lead  to  an  increased  rish  of 

^^^gci^lutant  effect  in  the  respiratory  tract. 
Among  the  causes  of  increased  mouth 'breathing 
oore  exercise,  .emotional  stress,  and  blockage  of 
the  nasal  passageways,  the  latter  usually 
occurring  as  a  consequence  of  vir^  upper  res-- 
piratory  infection.     The  relative  susceptibility 
to  air  pollutants  of  children,  who  frequently^ 
mouth  breath,  and  perhaps  of  chronically  ill 
individuals  with  upperrespiratory  infections 'inay 
be  expl^^able  on^this  basis. 

Althobqh  less  efficient  than  the  nofee,.the  , 
mouth,  phary'hx,  and  larynx  would  still  be  the 
si€e  of  deposition  of  an  appreciable  amount  of 
inhaled  sulfur  dioxide  and  aeirosols.  The 
efficiency  of  removal  would  be  ^xlpected  to 
depend  to  some  extent  on  the  rate  of  air  flow 
irvto  the  lung.     During  exercise,  pulmonary 
ventilation  can  incre^e  by  about  a  factor  of 

,.^0;^and  at  high  inspiratory  flow  rates,  more 
pollutants  would  be  expected  not  only  to  be 

.  brought  into  the  upper-  airways,  but  also  to 
penetrate  more  deeply  into  the  lung  before 
eventual  deposition.     This  may  be  ar^other  reason 
for  the  apparent  sensitivity  to  pollution  of^ 
children,  who  generally  exercise  far  more  often 
than  adults. 

An  important  aspect  of^  pulmonairy  function  is 
thd  defense  against  foreign  material  inhaled 
into  the  trachea  ^nd  more  distal  portions  of  the 
lungs.     The  mucoid ^secretion  of  cells  lining  the 
trachea  aind  larger  parts  o^  the  brAnchi  plays  a 
major  role  in  protecting  lun^^^  parencffcyma  from 
exogenous  agents.     Under  normal  coijiditions, 
respiratory  tract  mucus  can  be  considered  to.  be 
a  renewable  disposable  lining  that 'acts  iiofmask 
underlying  structural  elements.     Fine  hair-like 
structures  called  cilia,  which  line  the  airways, 
impart  the  major  prog^ulsive  force  to  move  mucus 
up  toward  the  throat where  it  is  swallowed. 
Unfortunately,  relatively  little  is  known  about 
the  iDasic  biologic  mechanisms  responsible,  for 
normal  mucociliary  transport.     Of  particular 
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pertinence  would  be  additional  information  on 

ability  of  mucus  to  buffer  inhaled  acid  aerosols 

(Dalhamn  1956)   and  on  the  reactions  of  multiple 

pollutants  —  ©•g.r  -sulfur  dioxide  and  ozone  — 

within  this  layer. 

As  with,  many  other  defense  mechanisms^ 
exaggerati^^  of  the  normal  response  is 
associat^  with  disease  processes.  Thus^ 
increa^d  mucus  production  is  a  hallmark  of 
chronic  bronchi'tis.     Difficulty  in  the  clearance 
of  mucus  from  airways^  resulting  in  irfterf erence 
with  air  'flow^  is  a  complicating  process  in  a 
number  of  respiratory  disorders^  including 
chronic  obstru<jtive  pulmonary  disease.     This  is 
a  problem  particularly  during  expirjition  when 
the  bronchi  are  normally  relatively  constricted. 

Very  high  concentrations  of  sulfur  dioxide 
have  been  shown  in  short-term  animal  studies  to 
interfere  with  mucociliary  transport   (Ferin  and 
Leach  1973^  Spiegelman  et  al.   1^68,  Dalhamn  and 
Strandberg  196  3).     Chronic  exposure  to 
exceedingly  high  concentrations  has  been 
reported  to  produce  an  increase  in  the  number  of 
mucus-secreting  cells  in  the  tracheobronchial 
tree  silnilar  to  that  observed  in  human  chronic 
bronchitis   (Lamb  and  Reid  1968).     However^  there 
is  no  di'rect  evidence  of  an  effect  of  sulfur  " 
oxides/  in  concentrations  approaching  ambient 
conditions r  on  mucociliary  function  in  the  lower 
respiratot*y  tract. 

Alveolar  macrophages  are  also  important  in 
pulmonary  defense.     These  phagocytic  mononuclear 
cells  play  a  major  role  in  destroying  inhaled 
pathogenic  micr'oorganisms,  and  they  are  also 
able  to  phagocytize  inhaled  t)articles.  Although 
products  of  stationary  fossil-fuel  combustion 
have  been  epidemiologically  associated  with  an 
increased  incidence  of  respiratory  infection^ 
very  little  is  known  about  the  effect  or 
realistic  concentrations  of  sulfur  oxides  or 
particles  on  alveolar  macrophage  function  in 
vivo.     The  possibility  that  ingested  particles 
interfere  with  the  bactericidal  effects  of 
alveolar  macrophages  appears  worthy  of  study. 


"^^t^IVIDUAL  VARIATIONS  IN  RESPONSE 

The  air-  pollution  literature  contains  a 
refrain  citing  the  enormous  individual 
variability  in  response  to  air  pollutants-  This 
has  been  observed  not  only  in  epidemiologic 
studies  and  controlled  human-exposure 
experiments, .but  also  in  investigations 
involving  laboratory  animals  with  similar 
genetic  and  environmental  backgrounds- 
Variability  in  individual  response  has  obvious 
implications  for  air  pollution  control  strategy- 
If  the  goal,  as  implied  in  the  clean  Air  Act,  is 
to  protect  every  free-living  individual  in  our 
society,  the  obviously  air  quality  standards 
based  solely  on  the  response  of  the  average 
person  will  not  protect  hypersensitive  groups- 
The  following  discussion  considers  some  suscep- 
tible groups  and  the  possible  underlying  basis 
for  their  sensitivity- 
Groups  that  have  been  suggested  as  mgre 
sensitive  to  the  effects  of  air  pollution  in- 
clude ypunq  children  (possibly  because  of  their 
higher  inspiratory  flow  rates,  more  mouth- 
^breathing,  and  frequent  respiratory  tract 
inflections)  ,  the  aged  (perhaps  because  of         ^  * 
decreased  cardiopulmonary  adaptive  capacity)  , 
people  with  preexisting  chronic  bronchitis  and 
emphysema   (at  least  partly  because  of  impaired 
respiratory  tract  defense  mechanisms)  ,  and 
asthmatics   (who  tend  to  hyperrespond  to  inhaled 
irritants) -     ObvioUsly,  a  substantial'  portion  of 
the  entire  population  fits  into  these 
categories- 
There  is  excellent  evidence  that  ethnic 
gtoups  are  inherently  different  in  their 
response  to  respiratory  irritants-  Such 
differences  might  explain  some  of  the  wide 
variation  in  international  chronic  bronchitis 
prevalence  rates,  although  cigarette-smoking, 
^environmental  factors,^ and  patterns  of  medical 
diagnosis  undobtedly  p^lay  a  large  role  (Holland 
et  al-    1965,  Mork  1964,  Olsen  and  Gilson  1960)- 
In  Great  Britain,  there  is  some  suggestion  that 
the  Welsh  may  be  inherently  more  susceptible  to 
environmental  respiratory  stressors- 

Differences  between  the  white  and  nonwhite 
populations  in  the  United  States  have  been 
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observed.     Groups  with  pulmonary-function  values 
lower  than  usual  include  blacks,  Asians,  ^n*d 
Puerto  Ricans  (gtebbings  1973,  OscherwitfeuiiSt  al, 
1972,  Stebbings  1972,  Densen  et  al.  1967). 
There  is  also  fairly  good  evidence  that  blacks 
are  less  responsive  than  whites  to  inhaled  tO}cic 
agents.     Densen  et         evaluated  more  than 
12,000  male  New  York  City  postal  and  transit 
workers  ^nd  found  that,  although  the  prevalence 
of  chronic  bronchitis  in  nonsmokers  was  slightly 
greater  in  the  nonwhite  population,  the 
prevalence  among  smokers  was  much  greater  in  the 
nonwhite  group  (Densen  et  al.   1967).     For  any 
given  degree  of  cigarette  consumption,  nonwhites 
were  less  symptomatic  than  whites.  Similar 
findings  have  been  observed  in  other  studies 
(Finklea  et  a?..   197a,  Massaro  et  al.  1965). 
Review  of  the  U.S.  chronic  respiratory  disease 
mortality  data  also  tends  to  support  a  greater 
susceptibility  to  pulmonary  irritants  among  the 
white  population.     Although  the  male  death  rates 
for  bronchitis  auu  emphysema  were  similar  in 
whites  and  nonwhites  25  years  ago,  the  recent 
steep  increase  in  deaths  from  these  disorders 
has  been  much  greater  in  whites,  so  there  is  now 
a  substantial  difference  between  the  two  (HEW 
1974) . 

Differences  between  the  sexes  have  also  been 
observed,  with  women  appearing  to  be  far  less 
'    responsive  to  .cigarette- smoking  or  air 

pollution.     Although  a  few  questionnaire  studies 
have  shown  ecjual  or  greater  prevalence  rates  of 
respiratory  symptoms  in  women,  this  is  probably 
because  (as  pointed  out  by  Ferris)   women  have 
filled  out  the  questionnaires  for  entire 
families  and  are  more  cognizant  of  their  own 
symptoms   (Ferris  1969). 

Determination  of  ethnic  differnces  may  be 
very  important  in  the  interpretation  of  the  many 
excellent  and  comprehensive  Japanese  V 
epidemiologic  air  pollution  studies.  in 
general,  these  studies  have  tended  to  yield 
evidence  of  an  effect  of  much  lower 
concentrations  of  pollutants  than  have  American 
or  European  studies.     This  has  been  true  for 
photochemical  oxidants  and  nitrogen  dioxide,  as 
well  as  for  sulfur  ^dioxide  and  particles.  In 
addition  to  possible  ethnic  variations  in 
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response,  this  apparent  susceptibility  might 
result  from  some  difference  in  methodologic 
approach  or  from  synergistic  effects  due  to  the 
presence  of  significant  amounts  of  both 
photocheoiicaJL  and  stationary-source  pollutants 
in  the  same  areas.     Accordingly,  it  is  believed 
that  it  would  be  inappropriate  to  generalize 
Japane^  dose-response  data  to  the  American 
population  until  proper  comparative  studies  are 
performed.     These  are  urgently  needed. 

The  respiratory  tract  has  a  complex  series 
of  defense  mechanisms  that  allow  it  to  rid 
itself  of  inhaled  toxic  agents.     Therefore,  it 
can  be  predicted  that  any  disease  process  that 
interferes  with  this  self-cleansing  will 
sensitize  the  lungs  to  the  effects  of  air 
pollutants.     This  has  been  amply  demonstrated  in 
a  number  of  population  studies  in  which  acute 
morbidity  in  response  to  daily  air  pollution 
variations  was  most  readily  observed  in  people 
who  had  preexisting  lung  disease.     Similarly,  an 
acute  respiratory  tract  infection  might  render  a 
person  transiently  susceptible  to  pollution 
(Creasia  et  al,    1973),     Chronic  cigarette- 
smoking  also  tends  to  result  in  a  sensitivity  to 
air  pollution,  and  the  effects  appear  to  be 
independent  and  roughly  additive   (Finklea  et  al, 
1974,  Lambert  and  Reid  1970), 

All  those  factors,  however,  do  not  account 
completely  for  the  large  variability  in  response 
to  air  pollutants  among  healthy  people. 
Undoubtedly,  genetic  factors  are  important, 
^Evidence  on  this  point  includes  the  st^udy  of 
Cammer  et  al,,   in  which  the  rate  of  tracheo- 
bronchial clearance  of  an  aerosol  was  found  to 
differ  markedly  among  normal  people,   but  to  be 
highly  similar  in  monozygotic   (identical)  tv/ins 
and  somewhat  less  similar  in  dizygotic 
(fraternal)    twins    (Camner  1972),     A  familial 
tendency  toward  chronic  bronchitis  has  also  been 
suggested,   and  inherited  factors  might  be 
responsible  for  differences  in  the  metabolism  of 
pollutants  and  in  the  bronchoconstrictive 
response  to  inhaled  irritants. 

In  addition  to  disease  states  and  smoking, 
other,   more  subtle  environmental  factors  might 
play  a  role 'in  conditioning  the  response  to 
sulfur  oxides,     Cohen  et  al,    (1973)  have 
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reported -that  the  administration  of  tungsten  to 
rats  on  a  low-molybdenum  diet  produced  a  loss  in 
sulfite  oxidase  activity  and  an  increase  in 
sensitivity  to  the  systemic  effects  of  high 
sulfur  dioxide  concentrations.     It  is  unlikely 
that  such  gross  alterations  will  occur  in  normal 
humans^  but  the  posspibility  that  nutritional  oc 
phai'maceutical  agents  can  modify  the  response  to 
air  pollutants  cannot  be  overlooked, 
y     Another  mechanism  by  which  responses  to  air 
pollutants, may  be  altered  is  adaption.     There  is 
excellent  evidence  from  controlled  human- 
exposure  studies  ' and  the  occupational  hygiene 
literature  that  the  acute  response  to  sulfur 
dioxide  decrease  in  many  if  not  all  people 
during  continued  or  repetitive  exposure.  K, 
number  of  epidemiologic  studies  have  also 
indirectly  suggested  that  adaption  to  sulfur 
>xides  cind  particles  may  occur  during  the  coujjse 
jf  a  winter  exposure  period.     Although  adaption 
to  ambient  concentrations  of  sulfur  oxides  and 
particles  is  still  open  to  question^  two  points 
about  this  process  are  worthy  of  ntention: 
Firsts  adaption  to  the  acute  effects  of  a  toxic 
agent  does  not  necessarily  imply  protection 
against  chronic  effects;  in  fact,  <)ver  a  long 
period,  the  adaptive  response  may  itself  be 
harmful.     Second,  if  adaption  (|oes  exist,  it  is 
conceivable  that  a  lessening  in  the  response  of 
individuals  to  the  pollutant  will  be  observed  - 
during  a  period  of  gradually  decreasing  atmos- 
pheric concentration;  however-,  once  a  new  con- 
centration has  becofhe  stabl^^^nd  is  maintained 
long  enough  for  the  adaptive^esponse  to  wear 
off,  varia,#i^ns  around  the  lower  concentration  ^ 
might  again  produce  acute  responses.  The 
implications  of  the  latter  supposition  for  ^:he 
recent  period  of  decr'easing  air  pollution  are 
obvious.     Accordingly,  more  information  on  the 
extent  and  duration  of  human  adaption  to  sulfur 
oxides  would  be  of  great  value. 
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BASIC  BIOMEDICAL  EFFECTS  OF  SULFUR  OXIDES 


BIOCHEMICAL  MECHAI^IISMS 
OF  SULFUR  OXIDE  Jf^OXICITY 

Sulfur  dioxide  is  a  iveak  acid  anhydride 
that   is  highly  soluble   in  aqueous  solutions,  al- 
though  its  exact   solubility  at   low  concentrations 
has  not  been  determined.     At  usual  physiolog,ic 
pH,   sulfur  dioxide  in  Solution  forms  a  mixture 
of  sulfite,    SO3,    and  bisulfite,   HSO^ ,  ions. 
These  ions  cire  rapidly  oxidized  to  sulfate,   SO4 , 
by  a  v;idely  distributed  enzyme,   sulfite  oxidase. 
Accordingly,   one  can  consider   the  biochemical 
mechanism  of  sulfur  dioxide  toxicity  in  terms  of 
its  weak  acidity,   of   the  action  of  sulfite- 
bisulfite  ions,   or  of  tne  effects  of   sulfate  ions. 

The  receptors   for  a  number  of  neurochemical 
reflexes  appear  to  be  highly  sensitive  to  changes 
in  hydrogen  ion  concentration,   and   it   is  there- 
fore conceivable  that  a  major  mechanism  of 
sulfur  dioxide   toxicity   is  expressed   through  re- 
flex bronchoconstr ictive   responses   to  a  slight 
decrease   in  pM -     Similarly,   equivalent  concen- 
fetations  'of  the   stronger  su^lfuric  acid  should  be 
even  more   likely   to  produce  a  bronchoconstr ictive 
response,   and  acid  sulfate  particles  could  acti- 
vate the  same  pathways. 

Relatively   little   is  known  about   the  distri- 
bution,  metabolism,   and  eventual   fate  of  sulfite 
and  bisulfite   ions   in  man.     Experiments  using 
radioactively   labeled  sul f ur  dioxide ,    ^^S02 , 
have  confirmed  that  the  bulk  of   inhaled  sulfur 
dioxide   is  absorbed  and  distributed  throughout 
the  body   (Yokoyama  et  al.    1971,   Balchum  et  al. 
1960)  . 
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Hdwever,    the  final  cl:^mical  form  6f  t^his  sulfur 
is  unknown;    it  is  most  likely  to  be  sulfate/ 
y  inasmuch  as  almost  all  the  radioactivity  i#  ex- 
^  creted  as  sulfate/  (Yokoyama  efal.    1971)^  No 
information  is  available  on  the  .sites  and  rates 
.   of  oxidation  of  sulfur  *  dioxide  to  sulfate  within 
the  lungs  or  peripheral  blood.     The  studies  of  . 
Gunnison  and'  his  colleagues    (Gunnison  and  Palmes 
1974  /  Gunnison  and  Palme's   1973  ,  Gunnison  and 
Benton  1971)   have  demonstrated  th^t  rabbits  ex- 
posed to  sulfur  dioxide  develop  measurable  plasma 
concentrations  of  thiosulf onates  that  persist 
for  days .    .Humajis  were  found  to  have  comparative- 
ly lower  bloody thiosuTfonate  concentrations  'after 
controlled  exposure  to  sulfur . dioxide  at  0,3~6,0 
.  ppm   (Gunnison  and  Palmed  1974)  .     Thiosu If onates 
.     ,are  formed  by' ^e  addition  of  sulfur  dioxide 
across  protein  disulfide  bonds.     Although  they 
have'  been  iiientified  thus  far  only  in  blood,  the, 
formation  of  lung  thiosulf onates  could  beva 
mechanism  of  sulfur  dioxide  toxicity.     The  acti- 
.    vity  of  enzymes  containing  integral  disulfide 
b6nds,   such  as  ribonuclease , .might  be  affected 
by  this  action  of  sulfur  dioxj.de.     The-  disruption 
of  disulfide  bonds  is  al^o  believed  to  be  the 
basis  for  .in  vitro  potentia-tion  of  the  red  -cell 
membrane  effects  of  the  indirect  pathway  ot 
complement    (DeSandre  et  al.    1970), 'the  complement 
pathway  reportedly  responsible  for  tjie  histamine 
release  that  ,is  induced  by  allergen-reagin  and 
results   in  asthma,  att^acks    (r^alley  et  al .    1973).  - 
However,    there  is  no^irect  evidence  to  link' 
pulmanary  or  systemic  thiosulf onates  with'  sulfur 
dioxide  toxicity.     Furthermore,    it  should  be 
noted  that  acetyclys teine ,    a  common  aerosol  com- 
ponent used  in  the  treatment  of  bronfchitic  dis- 
orders,   is  a '^ulfhydryl  compound  that  is  believed 
to  act"  therapeutically'  by  disrupting  disulfide  ' 
bonds  in  sputum . 

Anojther 'potential  biochemical  mechanism  of 
sulfite  toxicity  is  tl^e  formation  of  free  radi- 
cals.    These  reactive  chemical  species  are 
^presumably  responsible  for  a  number  of  the, effects 
of  sulfite  <pbserved  'during   in,  vitro  incubation 
with  biologic  compounds,   including  reduced  pyri- 
dine nucleotides,    tryptophan,   methionine,  indol- 
3-acGtic  acid,   vitamin  K,   and  thiamine   (Shih  and 
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Petering  197  3,    Yang   1973,    Yang  and  Saleh  1973, 
Yang   1870,  Klobanoff'  1961)  .     Because  only  micro- 
molar  amounts  of -sulfite  arf^»  required   for  many 
of  these  reactions,    it  is^at   least  conceivable 
that  some  occur   in  the   lungs.     The  exact  free- 
radical  species   respon^^ible   for   these  effects 
are  not  'knowa  and  may  depend  on  the  concentra- 
tions of   trace  metals  and  other  interacting 
components.     Superoxide  anion    (McCord  and 
Fridovich   1969),    hydroxyl,    and  su  1  f i te,  rad ica 1 s 
have  been  implicated  in  many  disease  processes, 
including  cancer   and  aging.     However,    by  analogy 
with  similar  processes,    it   is   likely  that  the 
enzymatic  oxiaation  of  sulfite  to  sulfate  by 
sulfite  oxidase  occurs   in  a  tightly  controlled 
milieu,    ther^y  presenting   the  releas^*  of  dam- 
aging   free  Radicals.     ^t   is  obviously  important 

'|to  obtain' further   information  on  the  concentra- 
\ion  of  sulfite  oxidase  and  on  free-radical 
scavenging  processes   in  the  lungs. 

Sulfite  has  also  beeji  shown  to  f  orjn*  adducts 
with   flavig  compounds  and  with   folic,  acid,  ^^1- 
though   in  the   latter  case  a   large  excess  of 
sulfite   is  needed    (Muller  and  Massey  1969, 
Vonderschmitt  et  al.  1967). 

As  will  be'  discusstid   in  more  detail  later, 
sulfite  Mad  bisulfite  ions^  can  react^  with  de- 
oxyribonuciei'C  acid-  (DNA)    to  produce   the  dt^ami- 
nation  of  cytosine.     The  rX,bonucleic  acid  (RNA) 
component  uridine   has  also  been  shown  to  form  an  - 
unstable   iptermediate  on   reaction  with  sulfite- 

-  bisulfite   ions    (Shapiro  and  Brauerman  1972)  . 
Neither  reaction  has  been  demonstrated   in  vivo; 
but  the  reaction  with  uridine  occurs  at  lower 
concentrations  and  at  normal  pH ,    so   it   is  more 
^likely  to  be  toxicological iy  significant.  . 
Modification  of   RNA  would  be  expected  to  inter- 
fere with  protein  synthesis,    and  this  has  boon 
demonstrated  after   incubation  of  bacteria  with 

■  sulf ite-bisulf it.e   ions    (Shapiro  and  Brauerman 
1972).     !Iowevor,    incubati<m  of  algae  with  bisul-^ 
fite  appears   to   interfere  with  UNA  synthesis, 
ratht^r   than  protein  synthesis    (Uas  and  Runeckies 
1974), 

Other  effects  of  su  1  f i te-bi su  1  f i te  io«is 
observed  at  high^  concent  rat  ions   i^n  y^i  tro  include 
al terations -  of  platelet   function  and   intor Terence 
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in*  the  metabolic  for^mfition  of  red-cell  2,3- 
diphosphoglycer ic  acid,   an  important  intermediate 
in  the  regulation  of  oxygen  deliver-y  to  the  tis- 
sues   (Kikugawa  and  Hzuka  1972)  .     However,  free 
sulfite  ions  have  not  been  detected  in  the  'blood 
of  rabbits  after  exposure  to  sulfur  dioxidti  at 
25  ppm   {Gunnison  and  B^enton  1971)  . 

There  is   little  to  suggest  that  sulfate 
ions   formed  as  a  result  of  sulfur  dioxide  inhal^ 
ation  play  any  role  in  toxicity.     Sulfate  is  a 
normal  body  constituent  in  sufficient  quantities 
so  that  ambient  sulfur  oxides  would  add  little 
to" total  body  concentrations.     It  iS ,   of  course, 
possible  that  a   local   increase  in  slulfate  con- 
centration within  the   lungs  could  be  significant. 
This  might  alter  sulfation  rates  of  mucopoly- 
saccharides,  which  are   important  extracellular 
lung  components.     In  this  respect,  decreased 
concentrations . of  sulfated  mucosubstances  were 
observed  by  his tochemical  techniques . in  the 
broVichial   surfaces  of  dogs  chronically  exposed 
to  sulfur  dioxide  at  500-600  ppm   {Spicer  et  al. 
1974).     Additional  biochemical  measurements  re- 
vealed an  increase  in  the  activity  of  tracheo- 
bronchial glycotransf erases .     One  oi  the  few 


after  Sulfur  dioxide  exposure    {300  ppm,    6  hr/day 
for   10  Mays)    reported  increased  activity  of  acid 
hydrolase,   but  not  of  other   lysosmal  enzymes, 
in  alveolar  macrophages    {Barry  and  Mawdesley- 
Thomas   1970) . 

In  suminary,    the  biochemical  mechanisms  by 
which  ambient  concentrations  of  sulfur  oxides 
produce  effects  in  the   lung  are  unknown.     It  it 
is  accepted  that  the  major  physiologic  consequence 
of  sulfur  oxide  inhalation  is  bronchocons tr ict ion , 
it  is  conceivablQ  that  effects  are  totally  ex- 
plainable by  a  decrease   in  pH-.     Hyperplasia  of 
■Viucus  - secreting  eel  1  s  ,  - which  ' may  result   from  pro- 
^lonqed  sulfur  oxide  exposure,   might  also  be  a 
response  solely  to  acidity:     F^owever,    this  con- 
servative approach  to  an  explanation  of  sulfur 
oxide  toxicity  is  most   likely  an  oversimplifi- 
cation.     Further  studies  using  sensitive  bio- 
chemical  techniques  and  reasonable  sulfur  oxide 
exposur/os  would  be  of  value.  ' 


other  studies 
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PHYSIOLOGIC  AND  ANATOMIC  EFFECTS  OF 
SULFUR  OXIDES 

The  literature  concerning  animal  respiratory 
physiologic  response  to  the  inhalation  of  sulfur 
oxides r  particularly  sulfur  dioxide,  is 
relatively  voluminous.     Much  of  the  work  has 
originated  in  the  laboratory  of  Amdur,  who  has 
eva4.uated  in  depth  the  bronchoconstrictive 
response  of  guinjea  pigs  to  various 
ceonc^ntrations  "of  sulfur  dipxide^  particles, 
and  sulfuric  acid,  alone  and'in  combination- 
Extensive  studies  of  guinea  pigs  and  other 
animals  have  also  been  done  by  others  and  this 
subject  has  been  reviewe^  by  Amdur  (1971),  Riley 

(1974),  Alarie  and  Palmes   (1974),  and  Dubois 

(1969)  . 

The  following  discussion  will  concentrate  on 
studies  that  have  provided  insight  into  the 
possible  mechanisms  o£  Jtoxic  action  of  the 
various  sulfur  oxides  and  that  appear  to  be 
pertinent  to  an  understanding  of  human  response, 

The  major  quantitated  physiologic  indicator 
of  response  to  sulfur  dioxide  has  been  an  in- 
crease in  resistance  to  pulmonary  flow,  which 


been  related  to  bronchocoristriction.     This  has 
been  observed  in  a  number  of  animal  species 
(Com  et  al.   1972,  Frank  and  lipeizer '  1 965,  Nadel 
*    et  ^1.   1965^  Swann  et  al,   1965,  Salem  and  Aviado 
1961,   Balchum  et  al,   1960)   and  in  man.  .  In 
general,  the  acute  response  to  sulfur  dioxide  in 
animals  has  been  short-lived  and  has  not  per- 
sisted after  cessation  of  exposure.     In  some 
instances,  a  return  toward  normal  pulmonary  flow 
resistance  has  been  observed  during  continous 
sulfur  dioxide  exposure,  indicating  some  degree 
of  adaption.     The  apparent  threshold  for  this 
acute  response  to  sulfur  dioxide  is  very  high, 
relative  to  usual  ambient  concentrattions, 

A  number  of  ingenious  pharmacologic  and 
surgical  techniques  have  been  "used  to  explore 
the  mechanism  by  which  increased  respirator^ 
flow  resistance  occurs,  the  site  of  the  sulfur 
dioxide  receptor,  an*d  the  specific  airway  locale 
that  is  most  affected.     The  major  overall 
impression  is  that  multiple  potential  receptors 
and  effectors  in  various  parts  of  the 


has  usually,  but  not 


(Davis  et  al,  1967) 
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respiratory  tract  can  increase  flow  resistance 
(Frank  and  Speizer  1965)   locally  reflexively 
in  other  parts  of  the  airway.     Inasmuch  as 
sulfiir  dioxide  ihhaled  in  clean  air  is  almost 
totally  absorbed  in  the  upper  airways  (Andfersen 
et  al.   197«*^  Frank  et  al.   1969^  Vaughan  et  al. 
1969^  Frank  et  al.   1967^  Frank  and  Speizer  1965^ 
Dalhamn  and  Strandberg  1961)^  its  effects  on 
bronchi  lower  in  the  respiratory  tract  must  be 
mediated  by  some  indirect  pathway.     The  studies 
of  Widdicombe^  NadelV  and  th^ir  co-workers  have 
demonstrated  a  numb€»^  of  receptors  in  the  upper 
respiratory  tract  that^  when  stimulated,  result 
in  cough,  local  airway  narrowing,  or 
constriction  of  other  respiratory  tract  areas 
(Nadel  et  al.   1965,  Nadel  and  Widdicdmbe  1962, 
Widdicombe  et  al.    (1962).     Although  airway 
narrowing  due  to  sulfur  dioxide  generally 
appears  to  result  from  reflexes  mediated  through 
the  vagus  nerve,  humeral  pathways  acting  on 
smooth  muscle  may  also  be  operative  (Nadel  et 
al.   1965^  Salem  and  Aviado  1961).     It  is  also 
possible  that  sulfur  dioxi-de  absorbed  in  the 
upper  respiratory  tract  may  be  ccurri'ed  in  the 
pulmonary  circulation  to  the  lower  airways, 
thereby  providing  another  possible  mechanism  of 
hronchoconstriction   (Frank  et  al.  1967). 

Another  important  point  that  is  obvious  from 
animal  experiments  is  the  substantial  and 
consistently  observed  variability  in  the 
response  of  different  animals  of  the  same 
species.     Laboratory  animals  of  the  same  species 
tend^  to  have  more  homegeneous  genetic  and 
environmental  backgroTipida  than  does  man^  so  an 
eyen  greater  variability  in  human  response  would 
be  expected. 

An  interesting  study  was  presefited  by  iSiam 
et  al.    (1972J ,  in  which  dogs  were  exposed  se- 
quenj^ially  and  repetitively  to  an  aerosol  of  the 
brdhchoconstrictive  agent  acetylcholine  and  then 
to ^sulfur  dioxide  for  1  hr.     After  sulfur 
dioxide  exposure,  marked  potentiation  of  the 
bronchoconstrictive  response  to  acetylcholine 
was  observed;  it  appeared  to  be  ^linear  in 
response  to  sulfur  dioxide  at  1-5  ppm^  but 
declined  somewhat  at  10  ppm.     The  pertinence  of 
this  study  is  its  suggestion  that  sulfur  dioxide 
may  potentiate  the  response  to 
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neuropharmacologic  agents  that  normally 
produce  brOnchoconstriction  after  vagus 
stimulation. 

The  studies  of  the  acute  response  to'  su'l^gur 
dioxide  alone  have  provided  important 
information,  but  more  pertinent  data  have  been 
obtained  from  experiments  in  which  animals  were 
exposed  to  combinations  of  sulfur  dioxide  and 
particles  or  to  other  sulfur  oxides.  Amdiir 
originally  demonstrated  a  synergistic  effect  of 
sulfur  dioxide  aerosols  of  respirable  size 
(Andur  1957).     However,  a  synergistic 
interaction  of  sodium  chloride  particles  and 
sulfur  dioxide  could  not  be  confirmed  in  casts 
(Corn  et  al.   1972)   or  man.     The  recent  work  o^ 
McJilton  et  al.    (1973)   has  provided  additional 
insight  into  this  process  by  demonstrating  the 
importance  of  relative  humidity:     A  synergistic 
response  in  the  pulmonary  flow  resistance  of 
guinea  pigs  exposed  to  a  submicrometer  aerosol 
of  sodium  chloride   (900-1 ,000  ug/m^)   and  sulfur 
dioxide   (1-1  ppm)  was  observed  only  at  a 
relative  humidity  of  greater  than  80  percent;  no 
effect  on  pulmonary  flow  resistance  was  observed 
when  the  relative  humidity  was  less  than  40 
percent,  nor  when  the  animals  were  exposed  to 
sulfur  dioxide  or  the  aferosol  alone.  The 
authors  hypothesize  that  the  deliquescense  of 
sodium  chloride,  which  occurs  at  about  70 
percent  relative  humidity,  leads  to  an  increased 
loading  of  sulfur  dioxide  onto  the  aerosol  and 
therefore  to  a  greater  delivery  of  sulfur 
dioxide  to  the  lower  part  of  the  lungs.  With 
high  relative  humidity,  the  pH  of  the  aerosol  is 
low,  owing  presumably  to  the  formation  of 
bisulfite  ions   (no  sulfate  was  detected) . 

Two  points  should  be  made.     First,  the 
relative  humidity  of  the  respiratory  tract  is 
close. to  100  percent,  so  deliquescence  of 
inhaled  dry  sodium  chloride  will  occur  in  any 
event;  however,  the  authors  suggest  that  the 
bulk  of  sulfur  dioxide  will  be  removed  within 
the  guinea  pig  nose  and  that  there  is 
insufficient  time  for  both  the  deliquescence  of 
dry  sodium  chloride  within  the  nos^  and  the 
absorption  of  sulfur  dioxide  onto  the  aerosol 
before  the  sulfur*  dioxide  is  scrubbed  out  by  the 
nasal  mucosa.     Second,  the  studies  of  Amdur 
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doinonat rating  synergism  in  this  same 
nosebreathlng  animal  were  performed  at  about  50 
percent  relative  humidity^  which  is  below  the 
deliquescence  point  of  sodium  chloride;  this 
might  be  enpliinable  by  the  fact  that  sulfur 
diojride  can  s|ill  be  absorbed  onto  dry 
particles y  although  to  a  lesser  extent. 
Inasmuch  as  Afidur  generally  used  higher  aerosol 
concentrations^  absorption  onto  the  dry 
particles  may  have  bean  sufficient  to  account 
for  the  findings  of  synergism- 

Other  studies  by  Amdur  and  her  colleagues  in 
the  gunea  pig^  evaluating  a  series  of  different 
inert  aerosols  inhaled  in  conjuction  with  sulfur 
dioxide^  have  indicated  that  particle  size  is  of 
great  importance   (the  smaller  the  particle,  the 
greater  the  effect) ;  that  potentiation  is 
observed  only  with  soluble  aerosols   (the  greater 
the  solubility,  the  greater  the  effect) ;  that 
soluble  metallic  aerosols  produce  a  greater 
effect  than  inert'  aerosols,  presumably  because 
of  the  catalytic  formation  of  sulfuric  acid;  and 
that  the  effect  of  aerosol-sulfur  dioxide 
mixtures  tends  to  persist,  whereas  that  of 
sulfur  dioxide  alone  disappears  rapidly  (Amdur 
and  Underhill  1968,  Amdur  1959,  1957). 

This  guinea  pig  model  has  also  been  used  to 
study  the  effects  of  other  sulfur  oxides. 
Aerosols  of  sulfuric  acid  are  far  more  potent 
than  sulfur  dioxide  in  increasing  pulmonary  flow 
resistance,  and  the  response  is  more  rapid  and 
prolonged   (Amdur  1971,   1969,   1959,  1958). 
Sulfuric  acid  is  also  more  potent  than  the 
combined  effects  of  sulfur  dioxide  and  sodium 
chloride  aerosol,  particularly  at  low 
concentrations.     The  aerosol  size  of  sulfuric 
acid  influenced  the  degree  of  the  increase  in 
pulmonary  flow  resistance^  the  course  of  the^^r^^^^ 
response,  and  the  extent  of  aitway  obstruction. 
Synergism  between  sulfur  dioxide  and  sulfuric 
acid  aerosol  on  pulmonaryl f low  resistance  in 
guinea  pigs  has  also  been^ reported   (Amdur  1957). 

short-term  inhalation  of  aerosols  of  various 
particulate  sulfates  were  found  to  increase 
pulmonary  flow  resistance  at  concentrations  at 
which  inert  aerosols  have  no  effect   (Amdur  and 
Corn  1963) .     Zinc  ammonium  sulfate  was  more 
potent  than  either  zinc  sulfate  or  ammonium 
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sulfate;  -fe^vis  suggests  that  the  acidity  of  the 
aerosol  may  be.  important.     However,  ammonium 
sulfate  had  a  smaller  effect  than  zinc  sulfate. 
Again,   toxicity  vjas  inversely  related  to 
particle  size.     h  20  percent  increase  in  airway 
resistance  was  noted  during  exposure  to  zinc 
ammonium  sulfate  at  200  ug/m^    (particle  size, 
0.3  urn).     The  rati9nale  for  the  study  of  these 
compounds  was  the  retrospective  observation  of 
Hemeon   (1955)    that  zinc  ammonium  sulfate  and 
zinc  sulfate  were  present  in  substantial  concen- 
trations during  the  1948  Donora  air  pollution 
disaster.     Ferric  sulfate  inhaled  alone  was 
found  to  increase  pulmonary  flow  resistance,  but 
-ferrous  sulfate  had  no  effect    (Amdur  and 
Underhill  1968)  . 

A  recent  study  by  Alarie  et  al.  (1973) 
evaluated  mice  exposed  to  sodium  sulfite  and 
sodium  metabisulf ite-     Only  the  latter  compound 
produced  sensory  irritation,  with  effects 
similar  to  those  of  sulfur  dioxide.     The  authors 
hypothesize  that  the  formation  of.  bisulfite  in 
the  slightly  alkalfine  nasal  mucQsa  is  a  central 
mechanism  of  effect.  »  \ 

Amdur  has  summarized  her  studies  in  guinea 
pigs  and  prepared  dose-response  curves  comparing 
the  effects  of  the  various  sulfur  oxides  (Amdur 
1971).     The  data  clearly  indicate  that  sulfur 
dioxide  is  far  less  irritating  than  equivalent 
concentrations  of  sulfuric  acid  and  zinc 
ammonium  sulfate..    The  relative  toxicity  of  the 
latter  two  compounds  depends  on  particle  size. 
In  some  cases,   zinc  ammonium  sulfate  appears  to 
be  more  potent  than  sulfuric  acid.  These 
findings  empijasize  the  .nfeed  for  accurate 
determinat ion  of  the  composition  and  size  of 
particles  in  polluted  air.     In  general,  the  data 
indicate  that  atmospheric  oxidation  of  a 
relatively  small  fraction  of  sulfur  dioxide^ will 
produce  particulate  aerosols  more  toxic  than  the 
parent  gas.     Furthermore,  the  effects  of  sulfur 
dioxide  and  its  products  are  fSi^bafely  additive 
and  perhaps  synergistic. 

Man  has  been  the  subject  of  a  number  of 
controlled  experimental  studies  of  the  acute 
effects  of  sulfur  dioxide.     Increased  airway 
resistance ,  due  presumably  to 

bronchoconstriction,   is  the  major  feature  of  the 
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responQe  to  sulfur  dioxide  (Melville  1970,  Nadel 
et  al,     1965,  Frank  et  al.   1964,   1962).  Recent 
studies  by  Andersen  et  al.  demonstrating  that  ' 
sulfur  diojfide  cpncentrations  resulting  in  an 
increased  forced  ^^rpiratory  volume  do  not  affect 
airway  closing  volume  indicate  that  only  the 
relatively  larger  parts  of  the  bronchi  are 
affected   (Andersen  et  alo   1,974)  •  Increased 
airway  flow  resistance  is  also  observed  as  a 
consequence  of  exposure  to  very  high 
concentrations  of  partrcles    (Dubois  and 
Dautrebande  1958) •     Only  healthy  subjects  have 
been  used  in  these  experimentSr  and,  although 
marked  variability  has  been  observed,  responses 
to  'sulfur  dioxide  concentrations  as  low  as  0.75 
ppm  have  only  rarely  been  reported   (B^tes  and 
Hazucha  1973).     This  effect  of  sulfur  dioxide  is 
rapidly  reversible  and,  a^  in  animals,  appears 
to  be  mediated  through  vagus  nerve  r elf ex  arcs 
(Nadel  et  al.     1965a,   1965b).     Sulfur  dioxide  at 
1-5  ppm  also  may  produce  an  increase  in  pulse 
rates  and  respiration,  as  well  ap  a  decreased 
tidal  volume,  although  this  is  not  consistently  ^ 
observed  (Amdur  et  al.   1953).  Inhalation 
through  the  nose  appears  to  produce  a  smaller 
response  than  inhalation  by  mouth,  but  again 
there  is  some  varialjjLlity  in  results.     In  some 
subjects,  the  response  to  sulfur  dioxide  appears 
to  decrease  on  prolonged  or  later  exposure. 

An  interesting  series  of  studies  have  been 
presented  by  Weir  ahd  Bromberg   (1973,  1972). 
Normal  subjects  had  an  increased  airway 
resistance  during  exposure  to  sulfur  dioxide  at^ 
3  ppm  for  5  days,  which  persisted  for  less  than 
2  days  after  removal  from  the  chamber.  Exposure 
of  piatients  with  preexisting  respiratory  disease 
to  0.3-3.0  ppm  for  a  week  resulted  in  highly 
variable  responses,  but  produced  no  consistent 
effect. 

Attempts  to  demonstrate  a  synergistic  effect 
of  sulfur  dioxide  and  sodium  chloride  aerosol  in 
man  have  been  unsuccessful   (Burton  et  al,  1969, 
Frank  1964^   Frank  et  al.   1964).     However,  Snell 
and  Luchsinger   (1969)    observed  synergism  of  0.5- 
ppm  sulfur  dioxide  and  a  submicrometer  distilled 
wkter  aerosol  on  maximal  expiratory  flow  rate  in 
one  experiment.     An  additivfe  effect  of  combined 
exposure  to  sulfur  dioxide   (5  ppm)   and  nitrogen 
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dloKide   (5  ppm),  has  also  been  reported  (Abe 
1967J  • 

Of  great  interest  is  a  recent  study  by  Bates 
and  Hazucha   {1973}   which  demonstrated  a 
synergistic  effect  of  sulfur  dioxide  and  ozone 
in  healthy  men.     No  changes  in  pulmonary 
function  were  observed  in  volunteers  ivho 
breathed  0,37-ppm  sulfur  dioxide  alone  for  2  hr. 
However,  inhalation  of  0.37-ppm  osone  and  0,37- 
ppm  sulfur  dioxide  produced  a  definite  decrement 
in  maximal. midepiratory;  flo^  rate.     Ozone  alone 
at  this  concentration  h^d  a  much  smaller  effect. 
It  is  o^  further  interest  that  the  volunteers 
underwent  intermittent  exercise  in  the  exposure 
chaBiber  and  that  sulfur  dioxide  alone  at  0,75 
ppm  had  a  small  but  significant  effect.  Because 
this  is  the^  lowest  concentration  of  sulfur      '  ^ 
dioxide  reported  to  have  an  effect  in  man,  the 
results  suggest  that  exercise  potentiates  the 
act;Lon  of  sulfur  dioxide,  perhaps  by  increasing 
mouth-breathing  and  inspiratory  flow  rates. 

There  are  a  number  of  possible  explanations 
for  the  observed  synergism  between  ozone  and 
sulfur  dioxide.     A  likely  one  is  that ' sulfuric 
acid  was  formed  by  the  reaction  of  these  two 
agents  in  the  presence  of  water  vapor  or  mucous 
in  the  .respiratory  tract.     It  is  also  possible 
thatff  by  decreasing  the  pH  of  the  mucous  lining, 
sulfur  dioxide  increases  the  solubility  of  ozone 
and  thereby  potentiates  an  ozone^  ef  f/ect. 
Further  studies  of  this  important  observation 
are  needed,  particularly  to  rule  out  the 
possibility  that  sulfuric  acid  aerosol  was 
formed  in  the  chamber. 

Pattle  and  his  colleagues   (Sim  and  Pattle 
1957,  Pattle  and  Cullumbine  1956)    have  exposed 
healthy  volunteers  to  sulfuric  acid.     At  the 
high  concentrations  used  in  their  experiments 
(5-10  ppm^   20-4Q  mg/m3) ,  a  marked  increase  in 
airway  resistance  was  obser'ved,  as  were  chest 
discomfort,  rales,  cough,  and  lacrimation.  Two 
subjects  who  were  repetitively  exposed  developed 
bronchitits  symptoms.     The  presence  of  water 
vapor  pQ^ientiated  the  observed  responses,  but 
addition  of  ammonia  vapor  decreased  the  effect.^ 
The  latter  findihg  suggests  sthat  ammonium        '  -"^ 
sulfajse  is  not  as  toxic  as  sulfuric  acido 
i 


A  number  of  investigators  have  studied  the 
effects  of  short-term  exposure  to  sulfur  dioxide 
on  various  asp<^ts  of  mucociliary  transport. 
Decreased  ciliary  activity  has  been  reported  in 
the  tracheas  of  rabbits  after  inha^l^ion  (100- 
200  ppm)   or  direct  tracheal  exposure   (10  ppm) 
JDalhamn  and  Strandberg  1961,  Galley  1942). 
This  effect  was  not  potentiated  when  carbon 
particles  capable  of  absorbing  sulfur  dioxide 
v;ere  inhaled  with  it    (Dalhamn  and  Strandberg 
1963).     The  clearance  of  particles  fi^om  the 
lower  respiratory  tract  has  been  evaluated  in 
donkeys,   in  which  inhibitory  effects  were 
observed  at   30.0  ppm   (Spiegelman  et  al.    1968)  , 
and  in  rats,  in  which  sulfur  dioxide  had  a 
slight  stimulatory  effect  at  0.1  ppm,  but 
resulted  in  a  decrease  in  clearance  at   1  ppm  for 
170  hr.      (Ferin  and  Leach  1973).     in  the^  latter 
study,   short  term  high-dose  exposures  had  a 
smaller  effect  than  long-term  low-dose 
exposures.     Andersen  et  al.    (1974)  recently 
reported  a  study  in  which  healthy  human 
volunteers  were  shown  to  have  a  decrease  in 
nasal  mucous  flow  rate  during  6  hr  of  exposure 
to  sulfur  dioxide  at   1.5  and  25  ppm,  although 
the  findings  at  1  ppm  were  not  statistically  ' 
significant.     Subjects  who  initially  had  the 
lowest  nasal  flow  rates  were  most  affected  by 
sulfur  dioxide.     The  decrease  in  flow  rate  was 
most  prominent  in  the  anterior  part  of  the  nose, 
which  absorbed  the  bulk  of  the  sulfur  dioxide. 
Increased  nasal  flow  resistance  was  also 
observed  in  all  subjects.     This  had  previously 
been  reported  as  an  inconstant  effect  by  Speizer 
and  Frank   (1966) . 

Studies  of  the  long-term  effects  of  sulfur 
dioxide  in  animals  have,  generally  demonstrated 
no  deleterious  effects  at  concentrations  within 
the  range  of  usual  ambient  conditions.  -Chronic 
inhalation  of  concentrations  greater  than  100 
ppm  has  resulted  in  hyperplasia  of  mucus- 
secreting  cells  and  metaplasia  of  the  bronchial 
epithelium  similar  to  th-at  observed  in  chronic 
bronchitits  in  man   (Spicer  et  al.  1974, 
Asmundsson  et  al.    1973,  Goldrinq  et  al.  1970^ 
Lamb  and  Reid  1968,   Pattle  and  Cullumbine   1956) . 
However,  in  a  study  of  cynomolgus  monkeys, 
Alarie  et  al.    (1972)   observed  no  changes  in 
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sensitivQ^-^pulmonary-f unction  tests,  lung 
h^^tologyy  or  blood  chemistry  during  78  weeks  of 
uninterrupted  exposure  to  sulfur  dioxide  at  0.1U 
or  1.28  ppm.     Other  studies  by  the  same  group 
demonstrated  no  effect  of  sulfur  dioxide  on 
guinea  pigs  exposed  for  a  year  to  similar 
concentrations   (Alarie  et  al»    1970) •  In 
addition,  no  adverse  effects  were  observed  in 
guinea  pigs  and  monkeys  exposed  to  fly  ash 
(obtained  from  the  effluent  of  coal-burning 
plants  and  having  a  mass  median  di^m^"^^  of  2.6- 
3.4  urn)   ihhaled  with  sulfur  dioxid^jTinYhe  same 
concentrations  and  durations  as  in  Tnt»^above 
experiments   (Alarie  et  al.   1973).     Inhalation  of 
sulfur  dioxide    (35  ppm)    and  corn  starch  and  corn 
dust  particles   (particle  size,   >  2  um)   has  been 
reported  to  have  effects  on  pigs  similar  to  that 
of  sulfur  dioxide  alone   (Martin  and  Willoughby 
1972).     Rabbits  inhaling  sulfur  dioxide  at  10 
ppm  for  16  hr/day  initially  had  an  increased 
rate  of  clearance  of  inhaled  particles   (3-6  um) , 
but  this  diminished  after  6  vjeeks  of  exposure 
(Holma   1967).  a 

These  studies  were  performed  in  healthy 
animals  and  might  not  mimic  the  long-term 
effects  of  sulfur  dioxide  on  people  with  chronic 
lung  disease.     However,  production  of  lung 
disease  by  treatment  of  hamsters  with  papain  or 
exposure  of  dogs  to  nitrogen  dioxide  has  not 
been  found  to  potentiate  the  response  to  later 
exposure  to  Sulfur  dioxide  at  ver^  high 
concentrations    (Lewis  et  a^  1973,  Goldring  et 
al.    1970).     In  addition,  animals  chronically 
exposed  to  Los  Angeles  air  responded  similarly 
to  clean  air  controls  when  acutely  exposed  to 
sulfur  dioxide    (Emik  et  al.  1971). 

Fewer  studies  of  long-term  exposure  to 
sulfuric  acid  have  been  performed.     Tholftas  et 
al.    (1958)   reported  that  exposure  of  guinea  pigs 
to  2,000  ug/m3  for  3  months  produced  little 
effect.     At  higher  concentrations,  the 
pathologic  findings  depended  on  particle  size. 
Alarie  et  al.    (1973)   observed  no  effects  on  lung 
function  or  histology  of  guinea  pigs  exposed  for 
a  year  to  sulfuric  acid  at  80  ug/m3  (particle 
size,   0.8a  um)    or  100  ug/m^   (particle  size,  2.8 
um)  o     However,  adverse  effects  were  observed  in 
cynomolgus  monkeys  exposed  to  various  concentra- 
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tions  of  sulfuric  acid  for  78  weeks.  The 
changes  were  slight  but  detectable  at  380  ug/m^ 
(particle  size,  2.2  nm)   and  USO  ug/m3  (particle 
size,  0.5  um)   and  were  more  prominent  ^  higher 
^^concentrations.     Major  observations  included 
alterations  in  the  distribution  of  ventilation 
(as  measured  by  nitrogen  washout) ,  hyperplasia 
of  the  bronchial  epithelium,  and  thickening  of 
the  bronchiolar  walls.     Particle  size  appeared 
to  have  little  relation  to  eventual  damage, 
although  there  was  a  tendency  toward  less 
adverse  effects  with  particles  in  the  smaller 
(submicrcHnet^r)  range. 

Lewis  and  his  colleagues  *(Lewis  et  al.  1974, 
1973,  Bloch  et  al.   1972,  Lewis  et  al.  1969, 
Vaughan  et  al,,  1969)   have  performed  a  series  of 
studies  in  beagles  that  included  individual  or 
combined  exposure  to  sulfur  dioxide  and  sulfuric 
acid  for  up  to  5  years,     A  mixture  of  sulfur 
dioxide   (13.4  mq/m?^  5  ppm)  ^nd  sulfuric  acid 
(900  ug/m3)   resui£ed  in  physiologic  changes  that 
suggested  both  lung  parenchymal  disease  and 
airway  obstruction.     Sulfuric  ^kcid  alone 
produced  a  decrease  in  lung  diffusing  capacity; 
sulfur  dioxide  alone  resulted  iln  increased 
airway  reGistahce"  and  alterations  of  lung 
compliance  similar  to  those  reported  in  other 
animals*     In  one  study ,  beagles  that  had 
previously  been  chronically  ejtposed  to  nitrogen 
dioxide  tended  to  have  a  somewhat  smaller 
response  to  sulfur  oxides;  this  suggests  that 
the  preexisting  lung  alterations  were 
protective*    Additional  studies  by  this  group 
have  provided  suggestive,  'but  not  conclusive, 
evidence  that  inhalation  of  sulfur  dioxide- 
sulf uric  acid  mixtures  potentiates  the  pulmonary 
hyperir^lation  produced  by  chronic  inhal^ftion  of 
raw  autoN^xhaust  and  may  leady^o  some  caxj^LAc 
abnormalities.     One  technical  p^blem  conce5^ing 
sulfuric  acid  explosures  is  that \iJimonia 
produced  by  animal  excreta  might  Wffer  the 
sulfuric  acid  and  produce  ammoniumi sulfate 
aerosol.  U 

Among  the  most  important  results  of  the 
animal  and  controlled  hujnan  ea^osure 
experiements  cited  above  is  the  insight  into 
potential  mechanisms  of  sulfur  oxide  toxicity  at 
ambient  concentrations.     Suifur  dioxide  acting^ 
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alone  is  urflikely  to  be  physiologically 
important^  except  during  periods  of  severe 
inversion  coupled  v/ith  grossly  inadequate 
emission  controlo     However,  sulfur  oxide 
concentrations  that  are  ^vithin  the  range  of 
ambient  concentrations  not  infrequently 
experienced  in  polluted  areas  of  the  United 
States  may  produce  effects  by' one  or  more  of  the 
following  mechanisms: 

H.      A  diriGCt  effect  of  ambient  sulfuric 
acid. 

2*      h  direct  effect  of  ambient  suspended 
particulate  sulfates.  / 

3.  An  effect  of  sulfur  dioxide  /otentiated' 
by  adsorption  onto  inert  particles  of 

°         respirab-le  size. 

4.  An  effect  of  sulf ai^ioxide  potentiated 
i)y  metallic  particles  that  catalyze  its 
oxidation  in  the  airway. 

5.  An  effect  of  sulfur  dioxide  potentiated 
by  simultaneous  inhalation  of  ozone.. 

Inasmuch  as  the  various 'sulfur  oxides  tend  to  be 
present  together  in  polluted  air,  the  effects 
described  above  may  well  occur  simultaneously  in 
an  additive,  or  perhaps  synergistic,  manner^ 
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CHAPTER  n 
\ 

HEALTH  EFFECTS  OF ^SULFUR  OXIDES 


CHILDREN 

h  number  of  atudiea  have  focused  on  the 
.effects  of  air  pollutants  in  children.     This  is 
a  useful  group  to  study,   in. that  their  lesser 
moMlity  produces  a  more  h®tnogeneous  pollution 
eacpbsure  and  tj^e  tef fects  on  cigarette-snfioking 
an^  occupational  exposure  at!^  tnininfiized, 
Filrthermore^  children  appear  to  be  at  greater 
risk  than  healthy  adults,  owing  presumably  to 
their  greater  degree  of  mouth-breathing,  ' 
relatively  greater  tidal  volumes,  and  higher 
frequency  of  respiratory  tract  inf ection^, •  The 
effects  of  air  pollutants  .in  children  have  been 
reviewed  by  a  committee  of "the  American  Academy 
of  Pediatrics   (1970)   and  more  recently  by  wehrle 
and  Hammer   {197«^)^  ^ 

An  increase  in  the  death  rate  of  the  very 
young  has  been  noted  in  some,  but  not  all, 
studies  of  aa.r  pollution  episodes,  v.  Logan  (1953) 
noted  an'v^g^ipsed  neonatal  and  infant  mortality 
in  the  December  195^2  London  fog  episode,  but 
Greenberg  et  al.    (1967)   did  not  observe  any 
change  "in  death  rate  in  this  age  group  during  a 
less  severe  2-week  episode  in  New  York  in  1963, 
Lave  and  Seskin   (197  0) ,  in  their  broad 
statistical  analysis  of  the  effects  of  air 
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pollution  in  the  United  States,  have  suggested 
an  association  with  neonatal  mortality. 

A  number  of  large-scale  British  studies  have 
evaluated  the  effects  of  air  pollution  on  the 
health  of  children.     Colley  and  Reid  (1970) 
surveyed  respiratory  disease  prevalence  in  1966 
in  ove^  10,000  children  6-10  years  old  in 
England  and  Wales  with  a  questionnaire  and 
measured  peak  expiratory  flow  rates.     A  social- 
class  gradient  v;as  observed  for  chest  disease, 
but  a  pronounced  increase  in  prevalence  was 
observed  in  each  social  class  in  association 
with  greater  pollution.     This  was  particularly 
true  in  the  children  of  unskilled  and 
semiskilled  workers.     An  unexplained  excess  in 
prevalence  in  Wales  may  represent  an  ethnic 
difference.     Small  differences  'in  peak 
expiratory  flow  rate  vjere  found  when  the  results 
were  calculated  independently  for  those  with  and 
without  a  history  of  respiratory  disease  or 
symptoms.     The  authors  point  out  that 
differences  may  have  been  obscured  by 
difficulties  in  staridardizing  the  observers  and 
the  70  peak  flow  meters  used  in  the  study. 

Another  British  study  of  over  10,000  chil- 
dren was  performed  at  about  the  same  time  by 
Holland  et  al.    (1969)    in  different  areas  of 
Kent.     They  observed  Independent  and  additive 
effects  of  social  class,   family  size,  history  of 
significant  respiratory  disease,  and  area  of 
residence  on  pulmonary  function,  as  measured  by 
peak  expiratory  flow  rate.     Residential  area 
appeared  to  have  the  greatest  influence  on 
pulmonary  function;   this  suggested  an  effect  of 
air  pollution.     However,  the  authors  note'  that 
afl  four  factors  together  accounted  for  only 
about  10-15  percent  of  the  tot^l  variation; 
other  determinants,  possibly  including  host 
factors,  are  probably  also  important.  Only 
rtfiliimal  pollutant  monitoring  data  are  presented 
that  describe  the  monthly  average  smoke 
poncentrations  in  three  of  the  four  areas 
Studied  for  November  1966^^0  March  1967.     In  the^ 
most  polluted  area,  which  had  the  lowest  peak 
expiratory  flow  rates,  the  l^ighest  recorded 
monthly  average  smoke  shade  was  96  ug/jn^ . 

A  study  by  Douglas  and  Waller  (19e6) 
evaluated  over  3,000  children  15  years  old  who 
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had  been  born  in  the  first  week  of  March  1946 
and  were  followed  regularly  ao  part  %t  a 
comprehensive  health  survey.     Domestic  coal 
consumption  was  used  to  divide  areas  into  four 
pollution  classes.     The  frequency  and  severity 
of  lower  respiratory,  t^act  infections  were 
clearly  related  to  air  pollution.     However,  no 
consistent  effect  on  upper  reqpiratory 
infections,  otitis,  or  ifonsillitis  was  observed. 
The  following  factors  demonstrated  a  gradient  of 
air  pollution  effect,  in  that  there  was  ar? 
increase  at  each  succeeding  stage  of  pollution 
severity:     first  lower  respiratory  tract 
infection  before  the  age  of  9  months  and  before 
age  of  2  years;  more  than  one  attack  in  first  2 
years  for  both  boys  and  girls;  hospital 
admission  for  bronchitis  in  first  5  years; 
((jjulmonary  r'alee  or  rhonchi  noted  on  two  or  more 
dhest  examinations  or  by  the  age  of  15;  excess 
episodes  of  school  absences;  and  long  periods  of 
absence  from  primary  school  for  bronchitis. 
Only  small  differences  in^  social  class  among  the 
air  pollution  -pategories  were  noted,  and  this 
factor  was  not  evaluated  further.     Nor  were 
other  possible  ve/riables,  such  as  crowding, 
assessed.     Some  data  are  given  in  the  appendix 
concerning  air  pollution  in  1  $62-1 96^3.  As 
indicated  by  the  authors,  this  must  be 
approached  with  caution,  particularly  as 
pollution  was  probably  worse  in  earlier  year^. 
Taken  as  a  whole,  the  data  give  an  impression  of 
linearity  of  response   (lower  respiratory  infec- 
tion)   in  children  to  air  pollution  btiginning  at 
somewhat  higher  than  present  U.S.  standards  for 
total  suspended  particles  and  sulfur  dioxide. 

this  cohort  of  children  born  in  19*16  was 
reevaluated  at  the  age  of  20   (ColleV  and  Reid 
1970) .     The  mo^t  noticeable  finding  was  the 
dominant  effect  of  cigarette-smoking  on  the 
respiratory  symptoms  of  these  young  adults.  A 
history  of  chest  disease  before  the  age  of  2 
also  had  a  significant,  but  smaller,  effect. 
After  adjustment  for  these  two  variables,  air  . 
pollution  had  only  a  small  and  not  statistically 
significant  effect.     The  same  was  true  for 
socioeconomic  class.     There  was  a  tendency  for 
the  air  pollution  effect  to  be  greatest  in  the 
lower  socioeconomic  classes;  this  suggests  an 
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interaction  between  theoe  two  variableo  in  the 
pTQduction  of  reopiratory  QymptomQ.    hQ  pointed 
out  by  the  authorOr  the  ndnreapond^rs  to  the 
follow-up  (jueotionnaire  were  overrepreoented  in 
the  high<*pollution  category,  which  might  tend  to 
biaa  the  reoultQ.     However,  t^G\  reoulto  are 
conaiQtent  with  thooe  of  other' jjtiidifecn  and 
indicate  that  the  effecto  of  air  pollution  on 
young  adulto  are  mihimal  at  moot,  particularly 
in  relation  to  cigarette- omoking. 

Lunn  et  al.    (1970,   1967)   evaluated  children 
in  Sheffield,  England,  in  1965  and  were  able  to 
repeat  the  otudy  on  oome  membero  of  the  oame 
group      yearo  later,  when  air  pollution  had 
decreaoed.     This  type  of  Qtudy,  in  which  a 
cohort  is  reevaluated  after  a  change  in  the 
envi^^rfment,  hao  also  been  performed  in  Berlin, 
New  Hampohire,  ^nd  iQ  of  great  value  in  aocer- 
taining  the  effects  of  air  pollution.     At  the 
time  of'  the  original  otudy,  there  was  a  distinct 
gradient  in  air  poriution  in  the  four  districtQ 
under  evaluation*     In  196^,  the  cleanest  area 
had  a  mean  daily  sulfur  dioxide  concentration  of 
123  ug/m3  and  mean  daily  smoke  of  97  ug/m^.  The 
mean  daily  sulfur  dioxide  and  smoke  values  in 
the  other  areas  were  183  and  230,  219  and  262, 
and  275  and  301  ug/m^.     Questionnaires  were  sent 
to  the  parents  of  5-year-olds  living  in  the 
vicinity  of  the  school.^  The  children  were  then 
examined,  and  pulmonary' function  tests  were 
performed.     Socioeconomic  class,  number  of 
children  at  home,  and  number  of  persons  sharing 
the  same  bedroom  all  had  some  effect  on  the 
findings.     However,  when  the  data  were  evaluated 
within  each  social  class^  a  distinct  increase  in 
respiratory  morbidity  for  both  upper  and  lower 
respiratory  diseases  was  observed.     For  the 
lower  socioeconomic  classes,  a  histpry  of 
persistent  cough  was  obtained  in  23.9  percent  of 
the  children  in  the  cleanest  area,  and  there 
were  stepwise  increments  in  from  each  area  as 
the  pollution  increased — 39.6  percent,  4  3.8 
percent,  and  60.9  percent.  Lower-than-predicted 
forced  expiratory  voli^pe  (0.75  sec)   and  forced 
ventilatory  capacity  were  observed  only  in  the 
most  polluted  community.     The  11-year-olds 
examined  at  the  same  time  had  similar,  but  less 
marked,  differences  between  areas. 
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Whea/the  original  5-yea^-oid  group  was 
reexarti^ed  U  years  later^  in  1969ef  the  differ^ 
enipes  between  areas  had  narrowed  and  were  not^f 
statistically  significant.    A  major  decrease  in 
air  pollution  had  occurred;  in  -1968^  mean  daily 
sulfur  dioxide  and  smoke  x:oncentrations  for  the 
four  areas  were  94  and  t\B,  166  and  Ulr  186  and 
118,  and  253  and  169  ug/m^.     There  was  also- less 
respiratory  disease  in  this  9-yearold  ^oup  than 
in  the  11-year-olds  evaluated^U  years  earlier. 
It  should  be  emphas^-zed  that  this  lessening  in  a 
gradient  gf  respiratory  disease  was  associated 
with  about  a  U5-80  percent  decrease  in  ^ 
particles,  as  measured  py  smoke,  with  only 
approximately  a  10-25  percent  decline  in  stilfur 
dioxide.     Furthermore,  during  tfie  latter  part  of 
the  study,  .thei  smoke  and  sulfur  dioxide 
concentrations  were  st.ill  appreciably  above. 
American  air  quality  standards.  Unfortunately, 
no  data  on  ambient  concentrations  or  gradients 
for  sulfate  are  availal^le. 

Biersteker  and  van  Leeuwen  (1970)  evaluates^ 
peak  flow  rates  in  about  1,000  schoolchildren  in/ 
two  districts  of  Rotterdam:    a  wealthy  suburban  / 
area  in  which  winter  mean  smok0  aoncentration  ,  { 
was  about  50  ug/m'  and  .winter  mean  sulfur 
dioxide  concentration  was  200  ug/m',  and  a  ^ 
poorer  urban  area  with  about  50  percent  higher 
pollutant  concentrations.    Air  pollution 
monitoring  techniques  are  not  described. 
Although'  the  children  in  the  cleaner^  area 
generally  had  higher  peak  flow  rates,  this  could 
be  attpomi€e4  for  by  dif fe^rences  in  height  and 
weight.     In  fact,  following  multiple  degression  ^ 
analysis,  there  was  a  slight  but  statistically  ^ 
significant  increase  in  peak  flow  rates  in  the 
polluted  are^.  ,  The  authjj^rsN also  obse|:ved  a  ^ 
statistically  significant  increase  in  the 
prevalence  of  childhood  chronic  bronchitis  in 
the  more  polluted  area   (5.5  percent),  compared 
with  the  cleaner  area  (1.0  percent).    A  smaller, 
nonsignificant  increase  in  asthma  rate  was  also 
found  (2.2  percent  vs.   1.7  percent). 

A  number  of  Ja'panese  investigators  have  also 
reported  an  association  of  sulfur  dioxide  and 
particles  with  prevalence  of  respiratory        '  . 
morbidity  and  a  decrease  in  pulmonary  ^function  f 
in  children  (Kagawa  et  al.  197a»  Toyama  1960^). 
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Responses  apijfiar  to  |tecux  at  relatively  low 
pollutant  concentrations •     However ,  as  discyissed 
earlier,  there  is  some  question  as  to  whether 
the  risults  can  bfe  extrapolated  to  the  U.S. 
population.  ^ 

As  part  of  the  Nashville  air  pollutioa 
study,  Sprague  and  Hagstrotn  (1969)   observed  that 
sulfation  rates  correlated  With  middle-class 
deaths  in  the  age  range  of  1-11  months  and  that 
dustfalj.  was  associated  with. neonatal  djeaths. 
However,  the  authors  found  it  difficul^to 
^^move  socioeconoiiLic  factors,  which  varied  with 
air  pollution,  as  well  as  with  neonatalAand 
infant  mortality.     Furthermore,  their  assignment 
of  arbitrary  linear  number^  to  differenf 
socioeconomic  classes  is  questionable.  / 

Collins  et  al.   (1971)   studied  enviifcnmental 
factors  affecting  child  mortality  inyEifgland  and 
Wales  during  1958-1964.     Included  inVljis 
analysis  were  indexes  of  domestic  pollution, 
industrial  pollution,  proximity  of  a  power 
station,  social  class,  overcrowding,  population 
density,  and  education.     Each  of  these  factors  f 
except  power-station  proximity  was  significantly 
correlated^  (p<0.001)  with  the  mortality  of  ' 
inf aqts  less  than  a  yfear*  old.     Because  all  the 
social  indexes  were  highly  intercorrelated,  it 
was  difficult  to  disentangle  their  individual 
effects.     However,  partial  correlation  analysis 
showed  that  the  toulk  of  the  increased  mortality 
could  be  attributed  to  domestic  '^and  industrial 
pollution.     Unfortunately,  the  data  are  not 
.  presented  rn  such  a  way  as  to  permit  assessment 
of  a  possible  dpse-response  relationship. 

As  part  of  the  Berlin,  New  Hampshire,  study 
(described  in  more  detail  later),  Ferris  (1970) 
investigated  the  relation  of  air  pollution  to 
school  absences  and  pulmonary  function.  First- 
and  second-graders  from  seven  schools  were 
studied  in  1966-1967.     No  consistent  effect  of 
air  pollution  on.  total  School  absence  rates  or 
school  absences  due  to  respiratory  illnesses 
were  observed.     A  relationship  may  have  been 
obscured  by  the  fact  that  not  all  children  lived 
close  to  their  schools.     There  were  some 
statistically  significant  differences  ^in  , 
pulmonary  function,  particularly  peak  exm^ratory 
flow  rate,  that  suggested  an  /effect  of  ai^ 


3 


110 


*    6U  •  , 

pollution.     The  worst  school   (school  A)   in  tems 
of  pulmonary  function  was  subjected  t^o  much 
higher  amounts  of  dustfall,  ^but  not  of  sulfur 
dioxide   (as  measured  by  lead  peroxide  candle) , 
which  suggests  that  the  effect  was  due  mainly  to 
particles.     However,  school  A*s  pUpils  were  of  a 
lower  socioeconomic  class  than  those  of  most  of 
the  other  schools*     The  only  other  school  with 
pupils  of  a  similarly  low  socioeconomic  class 
(school  J)   was  in  an  unpolluted  area,  and, 
although  pupils  in  school  A  tended  to  have  lower 
pulmonary  function  than  those  in  school  J,  the 
difference  was  n&t  reported  to  be  statistically 
significant. 

.Anderson  and  Larsen  (T966) ,  in  a  similar 
study  of  f irst^graders  in  British  Columbia,  were 
also  unable  to  show  an  effect  of  air  pollution 
pn  school  absences.     However,  there  vras  a 
statistically  significant  decrease  in  peak 
expiratory  flow  rate  in  the  two  towns  affected 
by  a  Kraft  pulp  mill,  compared  with  that  in  the 
clean  town.     This  may  have  been  related  to 
ethnic  differences,  which  were  not  studied.  Air 
.  monitoring  dat^  are  not  presented. 

A  recent  study  by  Mostardi  and  Leonard 
(1974)   reported  a  decrease  in  pulmonary  function 
in  high-school  students  in  Barberton,  Ohio,  an 
industrialized  area,  compared  with  that  in 
Revere,  Ohio,  a  more  rural  community.     These  \ 
students  had  initially  been  evaluated  in  197o\ 
and  were  restudied  in  1973.     Socioeconomic  \ 
factors  were  said  to  be  similar.   'The  BarbertoA 
students  had  a  statistically  significant  and  \ 
similar  decrease  in  vital  capacity  in  both  / 
periods:     a  decrease  in  1-sec  forced  expiratory 
vq^lume  in  1970,  but  not  1973,  and  in  ma^parmal 
aerobic  capacity  on  exercise  {Vo2  max)^^hen 
tested  in  1973.     No  difference  was  observed  in 
maximal  midexpiratorV  flow  rate,  an  index  of 
small-airway  disease.     The  finding  of  a 
difference  in  Vo2  max  is  of  interest,  in  that 
this  test  is  usually  not  performed  in  air 
pollution  studies  and  has  potential  health 
significance.     However,  this  result  could 
conceivably  be  accounted  for  by  a  relative  lack 
of  routine  exercise  in  the  urb^n  group,  although 
participation  in  organized*  athleticSi  was 
similar.     The  air  monitoring  data  show  that 
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Revere  cannot  be^  considered  a  low-pollution 
community,  in  that  yearly  mean  concentration  of 
total  suspended  particles,  which  decreased  from 
83  to  71  ug/m3  from  1^^69  to'  1973,  was  generally 
greater  than  the  u.S-  air  quality  standard. 
Furthermore^'  the  sulfur  dioxide  concentration 
(by  lead  peroxide  candle,  0.96  mg  of  sulfur 
trioxide  per  100  cm2  per  day  in  1971)  was  much 
higher  than  that  recorded  in  Berlin,  New 
Hampshire,  although  there  is  an  unexplained 
decrease  to  0.36  mg/100  cmS  per  day  in  1972'* 
The  air  monitoring  data  for  .Barberton  show  a 
peak  yearly  mean  2U-hr  concentration  of  total 
suspended  particles  of  .109  ug/m^  in  19  69,  which 
decreased  to  77  ug/m3  in  1973,  and  peak  yearly 
sulfur  dioxide  of  1.11  mg/100  cm^  per  day.  This 
study  tends  to  support  an  association  between  a 
decrement  in  childhood  pulmonary  function  with 
air  pollution  slightly  above  the  current  U.S. 
standards  for  total  suspended  particles  and 
sulfur  dioxide.     The  data,  although  suggestive, 
do  not  clearly  indicate  whether  improvement  in 
air  quality  had  a  positive  effect.  Potential 
criticism  of  the  study  ^includes  the  relatively 
small  numbers  of  students  tested  and  the  lack  of 
presented  data  on  cigarette-smoking,  although 
this  question  was  apparently  asked.  In 
addition,  a  contemporary  urban-rural  difference 
in  the  use  of  nontobacco  cigarettes  is 
conceivable. 

The  Community  Health  and  Environmental 
Surveillance  ^yst^m  (CHESS)   program  has  con- 
ducted a  number  of  extensive  studies  of  the  ^ 
health  of  children   (EPA  1974).     In  the  Salt  Lake 
Area,  four  communities  w^re  selected  for  a 
retrospective  study  of  lower  respiratory 
infection  on  the  basis  of  an  expected  gradient  - 
for  sulfur  dioxide  and  suspended  sulfates 
(Nelson  et  al*   1974) .     Pollutant  concentrations 
for  the  period  before  1970  were  estimated  from 
monitoring  and.  emission  data,  as  well  as 
meteorologic  factors.     Information  about  lower 
respiratory  infection  in  children  5-12  years  old 
was  obtained  by  questionnaires  mailed  to  parents 
and  distributed  through  the  schools.  Almost 
9,000  nonasthmatic  students  were  studied;  the 
results  indicated  an  increased  incidence  of 
total,  lower  respiratory  infection,  croup,  and 
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bronchitio,  but  not  of  pneumonia  or 
hOQpitalization,  in  tho  most  polluted  community. 
This  high-pollution  community  had  an  estimated 
mean  sulfur  dioxide  concentrat;ion  in  1967-1970 
of  91  ug/m3,  compated  with  33  ug/m^  in  the  next 
highest  area,  and* an  estimated  mean  suspended, 
sulfate  concentration  of  15  ug/m^,  compared  with 
9  ug/m3.     The  concentration  of  total  suspended 
particles  in  the  high-pollution  community  in 
1967-1970  was  63  ug/m3,  which  was  lower  than  the 
concentrations  in  two  of  the  other  communities. 
JThe  concentrations  of  suspended  nitrates  were 
similarly  low  in  all  the  communities,  other 
factors  evaluated— including  the  educational 
status  of  the  father,  mean  family  size,  and 
parental  smoking  habits — did  not  appear  to  " 
account  for  the  increased  incidences  of  croup 
and  bronchitis  in  ^the  high-pollution  community. 
Investigation  of  physicians •  records  tended  to 
validate  the  questionnaire  findings  and  did  not 
reveal  any  difference  in  diagnostic  patterns 
between  commvnities.     An  analysis  of  the 
duration  of  residence  in  each  area  showed  that 
the  increased  attack  rates  for  croup  and 
bronchitis  in  the  high-pollution  community  were 
observed  solely  in  children  who  had  lived  there 
for  3  years  or  longer.     In  this  subgroup,  the 
data  on  croup,  which  had  the  largest  gradient, 
showed  a  3-year  attack  rat.e  in  the  highy 
pollution  area  of  26.4  percent,  compared  with 
14.5-16.9  percent  in  the  other  communities.  The 
3-year  attack  rate  for  bronchitis  was  23.6 
percent,  compared  with  16.5-17.1  percent  in  the 
cleaner  communities.     These  attack  rates  were 
adjusted  for  age,  sex,  and  socioeconomic  status. 

It  is  noteworthy  that  people  who  had  lived  \ 
in  *the  high  pollution  community  for  less  than  3 
years  had  much  lower  attack  rates  than  short- 
term  residents  of  the  other  communities.  The 
explanations^  advanced  for  this  finding  are  at 
best  tentative.     There  were  fewer  shoirt-term 
th^n  long-term  residents,  so  these  anomalous* 
findings  decreased  only  slightly  the  overall 
gradient  ijn  lower  respiratory  infection  attack 
rate  for  ^11  residents.     The  questionnaire 
response  rate  was  relatively  low,  67  percent, 
and  one-sixth  of  them  had  to  be  discarded 
because  of  inadequate  information.     Although  a 
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Qmall-ocale  Qtudy  appeared  to  show  no  diff ^ence 
between  reopondentQ  and  ngn-reopondenta,  thxQ 
may  have  been  insufficient  to  rule  out  bias. 
The  authors  also  otate  that  there  wao  a 
difference  in,  attack  rate  between  the  community 
with  mean  auopended  oulfateo  of  9  ug/m^  and  the' 
two  corfununitieQ  with  lower  Quapended  Qulfateo  d 
but  higher  Qulfur  dioxide  concentrationa.  This 
statement  does  not  appear  to  be  completely 
warranted  by  thfe  data,  ^  ' 

Xn  general',,  the  data  do  appear  to  substan- 
tiate an  increase  in  low^  respiratory  disease 
in  children  exposed  for  a  few  years  to  sulfur 
dioxide  at  90-100  ug/m'  and  siispended  sulfates 
at  15  Jig/m3  in  the  presence  of  total  suspended 
particles  at  concentrations  below  the  air  qual- 
ity standard.     No  firm  conclusions  can  be  drawn^ 
but  the  findings  rais^the  suspicion  of  an 
effect  of  suspended  sulfates. 

A  similar  retrospective  study  was  performed 
in  almost  6,000  children  living  in  five  Rocky  ^ 
Mountain  communities   (Finklea  et  al.     1974) . 
The  gradient  in  sulfur  dioxide  and  total 
suspended  particles  was  much  greater  than  in  the 
Salt  Lake  Basin,  and  there  was  also  a  difference 
in  suspended  sulfates.     Unfortunately,  the 
analysis  of  the  data  was  complicated  by  distinct 
differences  in  socioeconomic  status  and  parental 
smoking,  which  varied  with  air  pollution.  After 
adjustment  for  age,  sex,  and  socioeconomic 
status,  an  increase  in  the  attack  rate  for  lower 
respiratory  infections  in  nonasthmatics  was 
observed  in  pooled  data  from  th^  two  high- 
pollution  communities,     (In  1968-1970,  those  two 
communities "had  sulfur  dioxide  concentrations  of 
I77|and  375  ug/m',  total  suspended  particle 
concentrations  of  63  and  102  ug/m^,  and 
suspended  sulfate  concentrations  of  7.2  and  11,3 
ug/m3;  of  the  three  low-pollution  communities, 
two  had  relatively  negligible  concentrations  of 
each  pollutant^  an4,  tfhe  third,  "low  III"  had  a 
ihean  sulfur  dioxide  concentration  of  67  ug/m^,  a 
total  suspended  particle  concentration  of  115 
ug/m3,  and  a  suspended  sulfate  concentration  of 
7,3  ug/m3.)   However,  the  results  in 
none^sthmatics  tended  to  be  significant  only  when 
calculated  foi;  people  who  had  two  or  more 
episodes  and  only  in  the  subgroup  that  had  lived 
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.in  the  same  community  for  3  years  or  longer.  As 
in  the  Salt  Lake  study^  croup  rates  correlated 
better  with  pollution  th  an  did  bronchitis « 
There  was  also  a'  tendency  toward  an  increase  ^in 
pneumonia  ant^  hospitalilation  rates  in  the  high- 
pollution  communities,  but  this  was  not  statis- 
tically significant,     Again,  the  firlding  of  less 
disease  in  newcomers  to  the  high-pollution  areas 
than  in  newcomers  to  the  low- pollution  areas  was 
puzzling.     A  more  clearcUt  increase  in  the-^ 
attack  rate  for  lower  respiratory  illness  was 
observed  in  asthmatics,  but  this  Was  a  smaller 
group  and  the  findings  were  not  adjusted  for 
socioeconomic  sta^tuo,  etc.     Accordingly,  the 
asthma  data  are . inadequate  to  support  firmly  the 
investigators*  contention  of  a  pollutant  effect* 
in  the  "low  III"  community. 

The  finds^Lngs  are  not  as  impressi^-ve  as  in  the 
Salt  Lake  Basin,  particul*arly  in  view  of  the 
larger  gradient  of  'sulfur  dioxide  and  suspended 
particles   (although  not  of  suspended  sulfates) , 
Although  comparison  of  tihese  two  similar  studies 
is  somewhat^  impeded  by  the  larger  difference  in 
socioeconomic  status  between  communities  in  the 
Rocky  Mountain  area,  it  should  be  noted  that  the 
relatively  less  polluted  Salt  Lake  Basin  area 
had  higher  adjusted  attack  rates — particularly 
multiple  attack  rates — ^;of  lower  respiratory 
infection.     Whether  this  represents  physician 
diagnostic  patterns,  other  local  ^factors,  or  a 
difference  in  the  administration  of  the  two 
studies  is  unclear. 

Somewhat  different  studies  werp  performed  in 
Chicago  and  New  York  in  which  the  attack  rate  of 
acute  respiratory  disease  in  family  members  was 
obtained  by  telephone  interview  of  mothers.  In 
Chicago,  data  were  obtained  in  1969-1970  on  over 
2,500  families  that  had  at  least  one  child  in 
nursery  school   (5'lnklea  et  al.   197**).  No 
information  about  those  who  did  not  volunteer  , 
for  the  study  is  given.     Families  were  assigned 
to  pollutant  categories  by  place  of  residence 
with  reference  to  nearby  monitoring  stations. 
The  three  exposure  categories  were  defined  as 
Intermediate,  High,  and  Highest,  and  the  1969- 
1970  moni^ioring  data  on  sulfur  dioxide  §nd  total 
suspended  particles  were.  57  and  111  ug/m^  for 
the  Intermediate  category,  51  and  126  .ug/m^  for 
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the  High  category,  and  106  and  151  ag/m^  for  .the 
fligheot  category.     Pollution  concentrationa  had 
{been  much  higher  previouoly.     Socioeconomic  and 
\other  factors  investigated  were  relatively 
TDimilar  in  the  three  groups.     Among  families 
that  had  resided  in  the  same  area  for  3  years  or 
longer,  there  was  a  ^8  percent  increase  in  the 
risk  of  lower  respiratory  infection  in  the 
nursery-Qchool  children  in  the  Highest  category, 
compared  with  thoo9  in  the  Interm9diate 
category.     Older  siblings  had  a  16  percent 
increase  in  the  risk  of  lower  respiratory 
infection,  and  younger  siblings  had  a  9  percent 
increase.     An  increase  in  the  risk  of  upper 
respiratory  infection  in  children  was  observed 
only  in  the  younger  siblings.     Increased  illness 
rates  in  the  highest-pollution  community  were 
also  observed  during  an  influenza  epidemic.  ^ 
Relatively  little  information  is  presented  for 
the  High-pollution  community. 

'    A  similar  telephone  survey  was  performed  in 
Kew  York  in  1970-1971   (Love  et  al.  1974). 
Volunteers  were  obtained  from  two  communities  • 
within  New  York  City--Howard  Beach  in  Queens  and 
the  VJestchester  area  of  the  Bronx — -that  were 
categorized  as  having  intermediate  pollution  and 
from  Riverhead,  Long  Island,  which  was  chosen  as 
the  low-pollution  community.     in  the  years 
preceding  the  study,  both  New  York  City 
communities  had  sulfur  dioxide  and  total 
suspended  particle  concentrations  well  above  air 
quality  standards.     However,  at  the  time  of  the 
study,  annual  mean  sulfur  dioxide  concentrations 
were  51-63  ug/m^,  and  the  concentrations  of 
total  suspended  particles  were  at  or  somewhat 
above  the  air  quality  standard  of  75  ug/m^.  in 
Riverhead,  pollutant  concentrations  had 
generally  been  low;  in  1971,  the  sulfur  dioxide 
concentration  was  23  ug/m3,  and  the  total 
suspended  particle  concentration  was  34  ug/m^. 
Suspended  sulfate  concentrations  in  1971  were 
13.2  and  ia.3  ug/m^  in  the  two  New  York  City 
communities  and  10.2  ug/m3  in  Riverhead.  This 
less  distinctive  gradient  presumably  represents 
atmospheric  oxidation  of  sulfur  dioxide  en  route 
to  Riverhead  from  the  New  York  City  area. 

Only  a  slight  increase  in  lower  respiratory 
tract  illness. in  New  York  City  children,  com- 
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pared  with  thooe  in  Hiverhead,  was  oboerved. 
Thio  wao  of  borderline  Qtatistical  oignificance 
(£=^0.07).     There  was  no  difference  in  the  attack 
rate  for  upper  respiratory  illness  between  the 
communities,    ^at^  are  presented  that  suggest 
that  respiratory  illness  was  more  severe  in  the 
intermediate-pollution  communities.    This  was, 
calculated  by  means  of  an  arbiti?ary  severity 
score  whose  assumed  linearity  is  open  to  o 
question.     The  problems  with  the  New  York  City 
dat£i  include  the  proximity  of  the  Howard  Beach 
community  to  Kennedy  Airport ^  possible 
differences  in  medical  use  patterns  among  the 
communities^  and  the  lack  of  any  trend  in 
repeated  lower  respiratory  tract  infections  in 
childrenr  compared  with  those  in  other  CHESS 
studies. 

A  conservative  interpretation  of  the  New 
York  and  Chicago  CHESS  family  studies  would  be 
that  they  tend  to  add  further  weight  to  the 
reported  association  of  childhood  lower  respira- 
tory iliiness  with  concentrations  of  sulfur 
dioxide  and  total  suspended  particles  above  the 
current  U.S.  air  quality  standards.  By 
themselves,  however,  they  are  not  conclusive. 
Data  on  adults  obtained  in  these  studies  are 
^  discussed  below. 

Hammer  et  al.   (1974)  have  recently  presented 
a  paper  on  a  further  CHESS  study  in  the  New  York 
area.     Questionnaires  concerning  lower 
respiratory  infection  rates  in  children  1-12 
years  old  were  distributed  to  schoolchildren  in 
the  first  through  sixth  grades  to  be  filled  out 
at  home.     The  three  New  York  communitLes 
previously  studied  and  one  additional  area, 
Sheepshead  Bay  in  Brooklyn,  were  evaluated.  The 
past  pollutant  concentrations  in  Sheepshead  Bay 
were  estimated  from  the  Howard  Beach  data, 
although  the  two  communities  are  about  6  miles 
apart.    Response  rates  for  the  questionnaire 
were  about  80  percent.     The  3-year  lower  res- 
piratory infection  attack  rates  were  adjusted 
for  the  sex  of  the  child  and  the  educational 
status  of  the  head  of  the  household  and  are 
tabulated  for  the  age  groups  1-4  year,  >5-8 
years,  and  9-12  years.     White  children  in  the  0 
Riverhead  community  tended  to  have  lower  rates 
for  total  lower  respiratory  illness,  croup,  and 
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{in  children  5-12  yeara  old)  bronchitiQ, 
compared  with  the'  New  York  City  commu^itdes. 
HowQver,  the  largest  gradients  were  observed  foy 
pneumonia  and  hospitalisation  rates  in  the  group 
1-4  yearfej  old;   in  these  categories »  Riverhead 
reported  a  much  greater  incidence  than  the  New 
York  Cit/'^cowiunitieo,     Black  children  had  an 
even  greater  increase  than  white  children  in 
lower  respiratory  infection,  croup,  and 
bronchitis  associated  with  pollution,  '  -?igain^ 
there  was  a  markedly  reversed  gradient  for 
hospitalization:     black  children  1-8  years  old 
in  Riverhead  were  hospitalized  with  a  frequency 
6  times  gy2ater  than  that  of  black  children  in 
New  York  City.    The  statistical  s;lgriif icance  of 
these  findings  is  difficult  to  determine  from 
the  unpublished  manuscript. 

The  anomalous  data  on  pneumonia  are  attri- 
buted to  two  physicians  who  were  responsibly  for 
the  care  of  a  large  part  of  the  Riverhead 
community,  although  the  extent^ to  which  this 
factor  contrijputed  to  the  findings  is  not  indi- 
cated.    Pneumonia  rates  were  relatively  low  and 
therefore  perhaps  somewhat  less  reliable.     It  is 
also  conceivable  that  hospitaiiz^tion  rates  were 
affected  by  the  availability  of  hospital  beds. 
If  the  findings  on  pneumonia  and  hospitalization 
are  ignored,  the  data  show  a  slight  but  • 
inconsistent  effect  of  sulfur  dioxide  and  total 
suspended  .sulfate  concentrations  higher  than  air 
quali'.y  standards   (in  conjunction  with  a 
gradient  for  suspended  sulfates)  on  the  lower 
respiratory  infection  rate  in  children. 
However,  more  information  about  this  unpublished 
study  would  be  useful.  • 

Additional  CHESS  studies  have  evaluated 
pulmonary  function  in  children.  Forced 
expiratory  volume   (0.75  sec)  was  measured  in 
over  2,000  schoolchildren  5-13  years  old  living 
in  the  three  New  York  areas  described  above 
during  the  1^70-1971  school  year   (Shy  et  al,^ 
197**).     Boys  9-13  years  old  living  in  River^iead 
had  a  slightly  but  significantly  higher  forced 
expiratory  volume  than  those  living  in  New  York 
City.     A  similar  nonsignificant  trend  for  girls 
in  this  age  group  was  also  noted.     In  contrast, 
no  differences  in  the  pulmonary  function  of  the 
group  5-8  years  old  were  observed.     The  authors 
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ouggGot  that  the  finding  of  an  effect  only  in 
the  older  children  io  due  to  the  recent 
improvement  in  New  York  City  air  quality,  8o 
'that  only  those  old  enough  to  have  been  eKpoaed  y 
to  the  much  higher  pollution  of  the  paot  are 
affected. 

In  addition  ta  come  anomalouQ  findingo  and 
poQQible  unadjusted*  differences  between  the 
urban  and  suburban  children   (e.g.,  in  cigarette- 
omoking) ,  t^e  major  difficulty  with  this  study 
appears  to  be  the  pulmonary  function  equipment, 
which  has  since  been  replaced  because  of 
instrument  drift •     This  latter  problem  is 
perhaps  overcome  by  the  Icycqo  numbers  tested, 
but  the  findings  require  replication, 
partixiularly  in  view  of  the  great  importance  of 
determining  whether  the  costly  control  measures 
used  in  cities   (such  as  New  York)   have  led  to  a 
decrease  in  the  adverse  healtlj  effects  6f  air 
pollution. 

An  earlier  study  in  Cincinnati  evaluated  the 
forced  expiratory  volume  of  second-grade^ 
schoolchildren  in  six  different  schools  paired 
for  pollution   (Shy  et  al.   197^),  socioQconomic, 
and  ethnic  fa'^tors.     Pulmonary  function  was 
measured  four  time£i  a  month  in  November  1967. 
February  1968,  and  May  1968  with  the  Stead-Wells 
spirometer,  a  standard  but  somewhat  cumbersome 
instrument.   "Mean  sulfur  dioxide  concentrations 
were  50  ug/m^  or  less.     The  major  pollution 
gradients  were  observed  for  total  suspended 
particles,  which  averaged  96-1 ia  ug/m3  in  the 
high- pollution  areas  and  77-82  ug/m^  in^the  low- 
pollution  areas;  suspended  sulfates,  which 
averaged  8.9-9.5  ugAn^  in  the  high-pollution 
areas  and  8.^^-8.8  ug/m3  in  the  low-pollution 
areas;   and  suspended  nitrates,  which  averaged 
2.7-3*2  ug/m3  in  the  high-pollution  areas  and 
2.U-2.6  ug/m3  in  the  low-pollution  areas-  Among 
white  children,  forced  expiratory  volume  was 
lower  in  the  more  polluted  areas,  and  this 
finding  correlated  best  with  ^suspended  sulfates. 
Pulmonary  function  was  not  correlated  with 
pollution  in  black  children.     Although  the 
forced  expiratory  volume  tended  to  be  lowest  in 
the.  winter  tnonths,  when  pollution  was  high,  the 
results  did  not  directly  correlate  with 
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pollutant  [neaouremGnto  immediately  preceding  the 
pulmonary  function  meaourement. 

Both  the  New  York  and  Cincinnari  pulmonary 
function  Qtudieo  (Shy  et  al«  1973)   have  been 
criticized  by  Higgino  and  Ferris   (197U)^  who, 
after  pointing  out  inconoiotencieo  in  the  data 
and  the  relatively  small  observed  differenced, 
agoert  that  "random  scatter  oeemo  to  be  a  much' 
more  likely  explanation  than  air  pollution." 
Recently,  Chapman  et  al,    (197a)  have 
resented  a  further  CHESS  study  in  which 
.|>entiiatory  function  was  evaluated  in  children 

iving  in  Birmingham,  Alabama,  and  Charlotte, 
North  Carolina.     These  two  cities  are  of  inter- 
est,  in  that  their  sulfur  dioxide  concentrations 
are  negligible  and  their  particle  concentrations 
tend  to  be  high.     In  Charlotte,  geometric  mean 
total  suspended  particles  had  previously 
exceeded  the  air  quality  standard,  but  had 
declined;  the  concentration  in  1972  was  70 
ug/m3.     Total  suspended  particle  concentrations 
Birmingham  were  appreciably  higher;  in  1972, 
e  concentration  was  127  ug/m^.     A  difference 
suspended  sulfates  was  also  apparent;  in 
972,  Birmingham  had  a  relative)^  high 
rithmetic  mean  concentration  of^^.3  ug/m^,  and 
Charlotte  had  a  concentration  of  9.7  ug/m^. 
Forced  expiratory  volume  (0.75  sec)  was  measured 
in  the  fall,  winter,  and  spring  of  the  1971-1972 
och6ol  year  in  almost  8,000  children  5-13  years 
old  in  these  two  cities.     In  bdth  black  and 
white  students  and  in  both  boys  and  girls,  the 
forced  expiratory  volume  was  I^SQ  in  the  more 
polluted  city  of  Birmingham  than  in  Charlotte. 

As  is  true  of  other  CHESS  studies,  the  major 
positive  finding  is  the  consistency  of  an  effect 
of  air  pollution,  despite  a  number  of 
experimental  shortcomings.     These  include  the 
necessity  of  changing  the  spirometer  in  the 
middle  of  the  year  because  of  equipment 
difficulties,  the  higher  educational  status  of 
the  Charlotte  schoolchildren* s  parents,  the 
greatet  degree  of  school  busing  in  Charlotte, 
and  the  use  of  different  p«sonnel  to  perform 
the  testing  in  the  two  cities   (it  is  hoped  that 
this  was  overcome  by  supervisory  ptfrspnnel)  • 
Unexpected  findings  include  an' inverse 
relationship  between  pulm6qary  function  and 
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oocioeconomic  claoG  in  Charlotte,  a  greater 
difference  in  feiRaleo  than  in  malea  (contrary  to 
moot  other  ctudieo) ,  and  a  decreaGG  in  the  mean 
forced  expiratory  volumo  during  the  school  year 
in  Birmingham,     It  is  not  clear  whether  the 
onoE^alouG  data  repreoent  minor  quirkG  of  the^ 
population  under  otudy  or  indicate  intercity 
variationG  in  the  performance  or  the  pulmonary 
function  teotG.     Continued  Gtudy  of  theGe  Game 
children,  thereby  allowing  each  population  to' 
GervG  aG  itG  own  control  during  changeG  in  air 
pollution  in  the  next  few  yearo,  should  provide 
important  information. 

Another  recent  Gtudy  iG  that  of  Lebowitz  et 
al.    (1974) ,  who  noted  a  dGcreaoe  in  forced 
expiratory  volume  and  majy^jftl  midexpiratory  flow 
immediately  after  outdoor  Gxercioe  in  children 
living  in  a  Gmelter  community.     Thio  may  have 
been  related  to  pollutioh,  but  monitoring  data 
are  not  given- 

The  otudies  dGGcribed  above  Gupport  the 
contention  that  children  are  at  riGk  when  Qub- 
jected  to  urban  air  pollution.     ThiG  Ig  parti- 
cularly true  for  lower  respiratory  tract 
infectiono  and  for  aGthma,  which  Ig  diQcuGoed  in 
the  next  Gection.    The  findings  further  ouggeGt 
that  the  current  air  quality  QtandardG  for 
Gulfur  dioxide  and  Guopended  particleG  do  not 
have  appreciiible  Gafety  fact  or  q  in  regc4d  to 
thiG  effect.    Therefore,  it  should  be  aGSumed 
that  concentrations  of  sulfur  dioxide  or  total 
GuGpended  particles  above  the  present  standards 
will  reGult  in  an  increase  in  childhood  lower 
respiratory  tract  infection.     There  is  a  dis- 
tinct possibility  that  suspended  sulfates  are 
directly  related  to  this  effect. 

One  crucial  question  concerning  the  benefits 
of  further  air  pollution  control  cannot  be 
definitely  answered  at  present:  wh^her 
repeated  childhood  respiratory  infections  result 
in  an  increase  in  respiratory  morbidity  in 
adulthood.     Obviously,  the  association  of  air 
pollution  with  a  transient  minor  childhood 
respiratory  infeotion  is  of  leas  potential 
public  health  anQ  societal  significance  if  such 
illnesses  have  no  sequelae  in  adulthood.  This 
it3  a  controversial  subject,  with  literature  sup- 
porting both  sides  of  the  question  (Qolley  and 
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RGid  1970^  Holland  Gt  q1.   1969,  mid  1969, 
Harnett  c^nd  Mair  19^3,  HoQcnbaum  1961)  .  How- 
ever, it  niUGt  be  emphaoised  that  the  advent  of 
antibiotico  tnay  have  greatly  changed  the  itnpact 
of  childhood  bacterial  reopiratory  illneoaea 
while  having  little  effect  on  viral  illneoGGO. 
If  it  io  accepted  that  the  pulmonary  conDe- 
quenceo  of  bacterial  infection  may  be  more 
aeriouQ  than  thooe  of  the  uoual  vital  illrieoQ, 
then  the  fact  that  people  born  at  the  time  that 
penicillin  firot  became  generally  available  are 
now  only  in  their  third  decade  makes  it 
difficult  to  eotabliah  whether  preoent  recurrent 
childhood  reopiratory  illneooeo  will  lead  to 
increaoed  chronic  respiratory  diaeaoe  in  later 
adult  li^e.     Mthougli,  froj^i  the  medical  point  of 
view,  the  available  evidence  indicatea  that  it 
io  prudent  t£>  aoatiine  that  recurrent  childhood 
Jreopiratory  infectiona  do  play  a  role  in  the 
eventual  (development  of  dioabling  chronic 
reopiratory  dioeaoe,  there  ia  at  present  no 
^boolute  ocientific  evidence  to  oupport  thio 
aoQumption. 


Bronchial  aathma  io  a  diaeaoe  characterized 
by  attacKo  of  marked  hyperconotriction  of  the 
trachea  and  bronchi,  leading  to  wheezing  and 
gaoping  for  breath.     'Treatment  of  an 
uncomplicated  attack  io  geneisally  ai^ed  at 
bronchodilatation  by  pharmacologic  means.  Ag 
with  the  other  respiratory  disease  states  under 
discussion,  it  is  difficult  to  provide  a 
clearcut  definition  of  this  disorder  without 
either  being  too  restrictive  or  avoiding  overlap 
with  other  pulmonary  pathology. 

In  its  most  obvious  form,  bronchial  asthma 
begins  in  childhood,  and  there  is  a  seasonal 
incidence  of  attacks  that  appear  to  be  related 
to  an  allergic  precipitating  factor.  Between 
attacks,  reopiratory  function  is  relatively 
normal,  although  an  increased  susceptibility  to 
bronchoconstrictive  agents  has  been  noted. 
Bronchial  asthma  in  adults  may  arise  de  ngvg  or 
may  represent  childhood  asthma  that  has  failed 
to  remit.     Clinically,  asthhia  has  often  been 
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divided  into  extrinsic  and  intrinsic  types.  In 
the  former,  exogenous  allergens  are  known  or 
suspected;  the  latter  has  no  obvious  cause  or  „is*^ 
associated  with  respiratory  infections.  Asthma 
in  adults  tends  to  be  in  the  latter 
classification  and,  particularly  when  associated 
with  respiratory  infection,  often  has  a  peak 
incidence  of  attacks  during  the  winter,  rather"^ 
than  summer  and  fall,  as  observed  with  allergic 
individuals.     It  is  particularly  difficult  in 
adultt  to  formulate  criteria  that  will  % 
distinguish  true  bronchial  asthma  from  cases  of 
bronchitis  in  which^  bronchoconstriction  is  more 
prominent  than  usual;   such  bronchitis  is  often 
characterized  by  the  term  "asthmatic  bronchi- 
tis." 

The  reported  prevalence  rates  for  asthma 
vary  widely,  with  perhaps  3-5  V,eJ^cent  being  a 
reasonable  estimate.     The  asthmV>smortality  for 
all  age  groups  in  the  Unfted  States  in  the  last 
decade  was  around  2-3/100,000,     This  disease 
accounts  for  a  reported  23  percent  of,  all  • 
school-day  absences  due  to  chronic  cbnditiops 
(Gordis   197  3), 

Patients  with  allerq|tc  asthma  are  notably 
difficult  to  study,  in  ^ew  of  their,  marked 
variability  of  respons(/.     One  or  more  specific 
allergens  are  usually  required^to  elicit  an 
asthmatic  attack,  but  jnany  asthmatic  people 
appear  to  undergo  a  marked  hyperreactivity  of 
the  bronchial  tract,  ^  that  a  host  of  exogenous 
and  endogenous  factors/^ including  psychologic 
stress,  significantly  interact  in  the  genesis  of 
an  acute  attack.     Because  asthmatics  may 
represent  an  extreme  on  the  scale  of  hyper- 
susceptibility  to  bronchoconstriction,  they 
appear  to  be" ideal  subjects  for  epidemiologic 
study  Qf  the  acute  response  to  air  pollutants. 
However,  the  multiplicity  of  factors  producing  a 
response  might  also  tend  to  obscure  any.  specilEic 
reaction  to  pollutants.     Furthermore,^ the- 
seasonal  nature  of  asthmatic  attacks  presumably 
reflects  meteorologic  factors,  as  well  as 
variations  in  sp^^fic  allergen  sources.  The 
extent  to  which  factors  that  affect  allergen 
concentrations  are  synchronous  with  factors  that 
aff^pt  pollutant  concentf ations  will  have  a 
great  impact  on  any*  observed  association  between 
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asthma  and  air  pollution.     These  considerations 
suggest  that  epidemiologic  studio  of  the 
association  between  air  pollution  and  asthmatic 
attacks  should  include  relatively  large  nximbers  • 
of  asthmatics  and  pay  careful  attention  to 
meteorologic  conditions. 

An  association  of  asthma  attacks  with  air 
pollution  has  been  reported  by  a  number  of 
investigators  and  has  been  reviewed  by  Zweiman 
et  al.    (1972)   and  by  Thomas  and  ^k:Govern  •(1971). 
Retrospective  questioning  of  residents  of  Donora 
aft6>r  the  1948  air  pollution  disaster  revealed 
that  87.6  percent  of  the  asthmatics  reported 
respiratory  symptoms  during  this  episode^ 
compared  with  77.2  percent  of  people  with 
cardiac  disease  and  42.7  percent  of  the  general 
population   (Schrenk  et  al.  1949). 

Zeidberg  et  al;    (1961),  as  part  of  the 
Nashville  air  pollution  study,  evaluated  49 
adults  and  34  children  with  bronchial  asthma 
over  a  1-year  period.     Diaries-  obtained  from 
each^  subject  were  used  ,^to  calculate  daily  attack 
rates,  which  were  then  correlated  with  mean 
annual  and  daily  sulfation  rates  according  to 
placfe  of  residence.^    There  was,  almost  a  doubling 
in  daily  astHbia  attack  rates  in  areas  with 
annual  s^fation  rates  of  0.350  mg/100  cm^  per 
day  or  greater,  compared  with  those  in  areas 
with  sulfation  rates  of  less  than  0.150mg/100 
cm2  per  day.     This  was  due  almost  totally  to 
more  than  a  fivefold  increase  in  adult  male 
attack  rates  in  the  more  polluted  area.     The  30 
days  with  the  highest  sulfation  rates  had  a  22 
perceint  increase  in  asthma  attacks,  compared 
with  the  46  days  with  the  lowest  pollution. 
When  daily  sulfation  rates  were  analyzed 
according  to  asthma  attack  rates  on  the 
following  day,  the  association  was  renm-i-ed  to 
be  even  more  statistically  significant,  implying 
a  delay  in  the  manifestation  of  toxicity.  The 
sulfation  rates  for  the  more  polluted  days  are 
not  specified,  but  other  data  make  it  probable 
that  the  high  concentrations  we^e  near  or  belpw 
an  equivalent  24-hr  sulfur  dioxide  concentration 
of  0.14  ppm,  which        the  current  standard. 
Linear  correlation  coefficients  between  monthly 
asthma  attack  rates  ^^id  various  meteorologic 
conditkons  were  cal<*xlated.     These  were 
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interpreted  by  the  authors  as  not  sho^^ing  any 
consistent  association  of  asthma  attack  rate 
with  temperature.     However,  the  tabulated  data 
show  that  in  four  of  12  months  there  was  a 
statistically  significant  inverse  correlation  of 
attack  rate  with  temperature.     Although  not 
clearly  stated #  the  lack  of  reported  extensive  ^ 
analysis  of  the  association  of  total  suspended 
particles  with  asthma  attack  rates  suggests  that 
this  was  not  believed  to  be  a  significant 
factor.  ^ 

Panels  of  asthmatic  subjects  have  also  been 
evaluated  as  part  of  the  ongoing  CHESS^  studies 
in  the  New  York  City  and  Salt  Lake  City  areas. 
The  Salt  Lake  Basin  was  chosen^  because  a  large 
part  of  its  pollution  is  due  to  a  single  smelter 
source   (Finklea  et  al.   1974).     This  results  in 
appreciable  concentrations  of  sulfur  dioxide  and 
suspended  sulfates  in  association  with 
relatively  1^  concentrations  of  total  suspended 
EjarticleSr  nitrates »  nitrogen  dioxide,  and  other 
usual  urban  pollutants  that  might  tend  to 
•obscure  the  effect  of  sulfur  oxides.  Four 
communities  with  differerft  pollution 
concentrations  were  evaluated.     In  contrast  with 
the  other  .Salt  LaXe  Basin  CHESS  studies,  the 
data  in  the  asthma  study  were  , related  to  daily 
air  pollution  within  each  community. 
Approximately  50  panelists  in  each  community, 
about  half^ of  whom  were  over  16  years  old  and 
who  lived  within  2  miles  of  the  monitoring 
station,  filled  out  a  weekly  diary  from  March  to 
September  1971.     The  data  evaluated  were  daily 
attack  rates,  24-hr  average  pollution 
concentrations,  and  minimum  temperatures.  It 
should  be  noted  that  these  communities  were  well 
within  the  annual  average  air  quality  standards 
for  sulfur  dioxide  ar^*^  total  suspended  particles 
during  the  time  of  the  study.     Only  rarely  were 
2a-hr  standards  exceeded.     Between  16  and  33 
percent  of  the  original  panel  subjects  withdrew 
from  the  study  and  were  replaced  at  variable 
rates  in  the  different  communities. 

The  data  were  subjected  to  a  complex  series 
of  statistical  evaluations,  and  the  final 
results  were  interpreted  as  demonstrating  a 
definite  associ*ation  of  relatively  low  concen- 
trations of  suspended  sulfates  with  the  asthma 
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attack  rate  when  the  minimal  temperature  was 
above  49'  F.    Simple  correlation  coefficients 
showed  that  the  strongest  association  with 
asthma  attack  rates  was  the  inverse  of  daily 
minimum  temperature-     In  this  analysis^  a 
significant  statistical  association  of  suspended 
sulfates  with  asthma  attacks  was?>observed  only 
in  the  high-'pollution  community;  the  low- 
pollution  community  had  a  negative  association 
of  asthma  attack  rates  with  suspended  sulfates 
at  all  temperatures.     Multiple  regression 
analysis,  which  evaluated  the  effect  of  air 
pollutants  after  first  considering  that  of 
minimum  temperature,  £igain  showed  a  highly  sig- 
•^nificant  statistical  association  of  sulfates 
with  daily  asthma  attack  rates  in  the  high- 
pollution  community.     The  data  for  all  four 
communities  were  then  combined  to  derive  tem- 
perature-specific relative-risk  models  for  the 
various  concentration  ranges  of  each  pollutant. 
The  'base  rate  for  the  comi>utation  of  excess  risk 
wa^  derived  from  the  asthma  attack  rate  on  warm 
d^ys  on  which  there  were  low  concentrations  of 
the  specific  pollutant.     Again,  the  most 
significant  effect  was  noted  for  sulfates  on 
days  when  the  minimum  temperature  was  greater  • 
than  49  F.     In^this  temperature  range,  with  the 
bas6  asthma  attack  rate  calculated  for  days  in 
which  24-hr  suspended  sulfate  concentrations 
were  6  ug/m'  or  less,  there  was  a  17  percent?* 
increase  irf  risk  associated  with  sulfate 
concentrations  of  6.1-8.0  ug/m^,  'a  35  percent 
increase  in  risk  associated  with  concentrations 
of  8.1-10.0  ug/m3,   and  a  50  percent  increase  in 
risk  associated  with  concentrations  greater  than 
10  ug/m3.     Much  smaller  increases  in  risk  were 
also  reported  in  tlie  same  temperatur'e  range  when 
the  concentration  of  either  total  suspended 
particles  or  sulfur  dioxide  was  above  60  ug/m^. 

These  data  were  also  used  to  extrapolate 
expected  risks  for  pollution  concentrations  at 
the  24-hr  standard   (not  to  be  exceeded  more  than 
once  a  year) .     For  sulfur  dioxide,  this  was  254 
percent,  and  for  total  suspended  particles,  170 
percent  of  the  baseline  on  days  when  the  minimum 
temperature  was  greater  than  49  F.  ^ 

Approximate  "thresholds"  for  an  effect  on 
-  asthma  attack  rates  were  also  calculated.  As 
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stated  in  td&e  Gummary  of  the  1970-1971  CHESS 
document  (Finklea  et  al.   1974) ,  these  are  worst- 
case  estimates  and  kre  not  to  be  taken  as 
definitive  findings.     The  estimated  threshold 
for  suspended  sulfates  is  1,a  ug/m3;  for  sulfur 
dioxide^  23  ug/m3;  and  for  total  suspended 
particles^  71  ug/mal    Those  are  all  for  days, 
when  the  minimi^  temperature  is  greater  than  49 

In  the  NewXxprmiirea^  asthma  panels  were 
selected  in  thtieh  cJcJ^unities^  l^wo  of  which  were 
designated  as  haferirig , intermediate  pollution,  and 
one,  low  pollutipn  (Finklea  et  al,  1974) .  There 
were  initially  about  50 ^subjects  in  each  panel 
who  lived  within  1/2  miles  of  a  monitoring 
station,  and  the  methods  of  data  gathering  and 
analysis  were  similar  to  those  in  the  Salt  Lake 
Basin  study.    All  communities  were  consistently 
within  the  24-hr  standards  for  sulfur  dioxide 
and  total  suspended  particles  at  the  time  of  the 
study^     The  study  was  performed  from  October 
1970  to  May  1971;  that  is  a  colder  time  of  year 
than  in  rhe  Salt  Lake  area  and  would  miss  part 
of  the  hirh-pollen  season.    The  overall  response 
rate  was  less  than  that  for  the  Salt  Lake  Basin, 
Only  75  percent  of  the  mailed  diaries  were 
usable  in  the  analysis. 

No  consistent  simple  correlations  were  found 
between  attack  rates  and  individual  pollutants 
or  temperature,     with  multiple  regression 
analysis  after  adjustment  for  temperature,  some 
association  of  asthma  attack  rates,  with' 
suspended  sulfates  was  observed  in  two  of  the 
communities,  and  with  sulfur  dioxide  and 
suspended  nitrates  in  one  community  each. 
Temperature-specific  relative-risk  models  were 
calculated  for  daily  minimum  temperatures  of 
less  than  30  F,  30-50  F,  and  greater  than  50  F, 
Compared  with  those  of  the  Salt  Lake  Basin 
studies,  increases  in  relative  risk  were  small. 
A  13  percent  increase  was  noted  for  total 
suspended  particles  at  76-260  ug/m3  on  days  when 
the  minimum  temperature  was  30-50  F,     in  the 
sai"*?  temperature  range  for  suspended  sulfates, 
th^re  was  a  9  percent  increase  at  8, 1-1^.0  ug/m3 
and  an  8  percent  increase  when  the  24-& 
concentration  was  above  10  ug/m3,     A  16  percent 
increase  in  asthma  attack  rate  was  also  noted  * 
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when  the  minimum  temperature  was  above  50  F  and 
£he  ou^^pended  sulfate  concentration  was  greater 
than  10  ug/m3.    No  eonoiotent  effect  of  sulfur 
dioxide  on  asthma  attack  rateo  was  observed. 
Pitting  of  threohold  functions  resulted  in  an 
estimate  for  suspended  sulfates  of  12  ug/m^  when 
minimum  daily  temperature  was  30^50  F  and  7.3 
ug/m3  for  minimal  temperature  pf  less  than  30  P, 
The  threshold  for  total  suspended  particles  was 
estimated  at  56  ug/m^  when  minimun!  daily 
temperature  was  30-- 50  F;  it  was  further  calcu- 
lated that^  at  260  ug/m^^  the  24-hr  standard, 
there  would  be  a  22  percent  increase  in  asthma 
attack  rate. 

The  1970-1971  CHESS  studies  have  received  a 
good  deal  of  criticism,  although  it  must  be 
noted  that  many  of  the  potential  problems  are 
discussed  in  detail  in  the  CHESS  document  (EPA 
1974).     Specific  problems  with  the  two  asthma 
studies  described  above  include  the  relatively 
poor  response  rate  and  high  turnover,  which  may 
be  inherent  in  diary  studies  of  patients  with 
this  disorder;  the  presence  of  anomalous  data, 
such  as  a  decreaBe  in  the  temperature-specific 
risk  of  asthma  attacks  associated  with 
increasing  sulfate  concentrations  on  days  when 
the  minimum  temperature  was  30-50  F  in  the  Salt 
Lake  area;  the  failure  to  consider  temperature 
change,  rather  than  absolute  temperatures;  the 
lack  of  information  on  atmospheric  allergens, 
which  conceivably  vary  with  pollution 
concentrations;  and  the  tendency  toward 
overanalysis  and  overinterpretation  of  the 
available  data. ^   Reasonable  preliminary 
conclusions  from  these  studies  are  that  they  do 
provide  Support  for  the  association  of  air 
pollution  with  asthma  attacks  and  that  they 
further  implicate  suspended  sulfates  as  an 
important  deleterious  ^fcmponent  of  polluted  air. 
It  does  not  appear  to  *be  necessary  or  reasonable 
at  this  time  to  draw  firm  conclusions  concerning 
the  1970-1971  CHESS  asthma  studies,  inasmuch  as 
data  tove  been  collected  and  analyzed  for  later 
years  ^i^nd  the  reports  will  be  forthcoming  soon. 
If  the Ignore  recent  studies  are  able  to  replicate 
th^  1970-1971  findings,  this  will  provide  much 
firmer  ipupport  for  the  intWpretations  advanced 
by  the  qHESS  investigators. 
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Other  COESe  otudies  evaluating  lower 
reopiratory  infeetion  in  children  have  aloo 
otadied  aothniatieo.     Increaoed  attack  rateo  of 
croup  and  bronehitio  in  thio  group  were  oboerved 
in  both  the  Rocky  Mountain  and  Salt  Lake  Baoin 
otudy  areao  (Finklca  et  al,  1974,  Neloon  et  al, 
1974)- 

Inveotigatoro  at  the  U.S.  Environmental 
Protection  Agency  ha)tfi=--a4<55^tudied  a  panel  of 
aothmatico  in  New  Ctoiberland,  West  Virginia 
(Cohen  et  al.  1972) A  This  omall  town  was  the 
location  of  a  low-otaisK  power  plcmt  that  used 
high  GUlfur  coal  with  lyp  control  meaaurGa.  Of 
the  43  aothmatico  identified  in  the  community^ 
the  records  of  20,  mootly^dulto,  were  suitable 
for  otudy.     Theoe  people  filled  out  weekly 
diaries  for  7  months,  which  iiere  used  to 
calculate  asthma  attack  rateo ^n  aooociation 
with  motGorologic  factoro  and  pollutant  con- 
centrationo.     Temperature  wao  s€l5tnigly  and  nega- 
tively aooociated  with  attack  rateb>v  After 
multivariate  adjuotment  for  the  effecA:  of 
temperature,  all  the  pollutants  measured — in-- 
eluding  total  ouopended  particles,  oul^ur 
dioxide,  suopended  sulfateo,  and  ouopended 
nitrates — were  aloo  oignif icantly  correlated 
with  asthma  attack  rate.    Hoiii^ver,  after  tern-- 
perature  and  any  single  jt^ollutant  were  taken 
into  account,,  no  significant  relation  with  any 
of  the  other  pollutants  remained.  Therefore, 
the  data  do  not  provide  information  on  which,  if 
any,  single  pollutant  was  responsible  for  the 
observed  association.  "  After  adjustment  for 
temperature,  suspended  sulfate  was  the  pollutant 
most  highly  correlated  with  asthma  attack  rate; 
but,  as  pointed  out  by  the  authors,  this  may 
have  been  due  to  the  exceptionally  high 
correlation  of  suspended  sulfates  with  tempera- 
ture.    Furthermore,  the  attack  rate  on  days  when 
the  suspended  sulfate  concentration  higher 
than  20  ug/m3  was  not  significantly  greater  than 
that  on  days  when  it  was  lower  than  20  ug/m^. 
In  this  high-low  analysis,  significant  increases 
in  attack  rate  were  observed  for  daily  total 
suspended  particles  and  for  daily  sulfur  dioxide 
when  the  points  of  demarcation  were  150  ug/m^ 
and  0.07  ppm,  respectively. 
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Other  f«acetp  of  this  a^tudy  include  a  com- 
mendable attempt-  to  validate  the  diaries  by 
physician  visits  and  a  relatively  extensive 
monitoring  system  focuaed  in  a  small  area.  In 
addition,  it  is  one  of  the  few  point-source 
studies  that  have  evaluated  th^  effects  of 
pollutants  that  originated  in  a  power  plants 
rather  than  a  smelter  pr  pulp  mill.  Unfortu- 
nately, the  results  are  handicapped  by  the  very 
small  number  of  asthmatics  who  were  studied.  In 
view  of  the  great  variability  in  the  response  of 
asthmatics,  the  justif icatipn  for  many  of  the 
highly  sophisticated  statistical  techniques  used 
in  this  study  is  perhaps  open  to  question. 
Nevertheless,  the  general  findings  appear  to 
support  the  contention  that  power-plant 
effluents  are  instrumental  in  potentiating 
asthma  attacks. 

Sultz  et  al.   (1970)  evaluated  the  incidence 
of  hospitalization  in  Erie  County,  New  York,  for 
asthma,  eczema  (an  allergic  skin  disorder) ,  and 
diabetes  mellAtus  in  children  under  15  years 
old,  in  comparison  with  total  suspended  particle 
concentrations  and  socioeconomic  status.  The 
study  used  the  data  of  Winkelstein  et  al. 
(1967) ,  who,  on  the  basis  of  monitoring  for 
1961-1963,  had  previously  divided  Erie  County 
into  four  areas  of  annual  mean  concentration  of 
total  suspended  particles;  less  than  80,  80-100, 
100-135,  and  more  than  135  ug/m^.  Four 
categories  of  social  class  were  obtained  by 
dividing  the  socioeconomic  data  for  census 
tracts  into  quartiles.    Asthma  hospitalization 
data  were  obtained  for  1956-1961,  and  ^pzema 
hospitalization  data  for  1951-1961.  Standar- 
dized morbidity  ratios  were  obtained  by  dividing 
the  observed  rates  for  given  pollutant  ranges  or 
social  classes  by  the  total  rates  in  the  entire 
popAilation.     The  morbidity  rcttios  for  asthma 
hospitalization  rose  steadily,  from  86  percent 
for  low  pollution  to  114  percent  for  high 
pollution.     NO  consistent  effect  for  social 
class  was  observed.    There  was  an  even  steeper 


percent  for  low  pollution  and  130  percent  for 
high  pollution.     However,  there  was  also  a  wide 
difference  for  social  class.    The  disparity 
between  asthma  and  eczema  hospitalization  rates 
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in  the  high- pollution  area,  compared  with  the 
low- pollution  area,  was  even  greater  when  the 
analysis  was  restricted  to  males  under  the  age 
of  5.    Diabetes  mellitus  hospitalization  rates 
did  not  appear  to  be  associated  with  air 
pollution.     No  attempt  was  made  to  evaluate  the 
effects  of  sulfur  dioxide,  nor  were  meteorologic 
conditions  considered. 

It  is  difficult  to  interpret  the  finding  of 
an  association  of  air  pollution  with  an  allergic 
skin  condition.    Although  earlier  authors  had 
suggested  that  fossil-fuel  combustion  products, 
particularly  sulfur  dioxide,  might  be  allergenic 
(Pirila  et  al.  1963,  Pirila  19S4) ,  there  is 
inadequate  evidence  to  support  this  hypothesis. 
People  with  childhood  eczema  tend  to  develop 
allergic  respiratory  disease,  but  this  would  not 
account  for  their  hospitalization  with  a  skin 
condition.    One  possible  conclusion  is  that  this 
study  illustrates  a  potential  pitfall  in 
epidepiio logic  studies  of  allergic  asthma:  that 
meteorologic  conditions  conducive  to  a 
distribution  of  pollutant^  in  a  given  area  may 
also  predispose  to  a  similar  distribution  of 
allergenic  organic  material. 

Chiaramonte  et  al.   (1970)  studied  emergency- 
room  visits  at  a  Brooklyn  hospital  during  a  3- 
week  period  in  November  1966  in  which  a  sharp 
increase  in  sulfur  dioxide  concentrations 
occurred  in  the  middle  week.    The  highest  24-hr 
sulfur  dioxide  concentration  was  0.8  ppm.  A 
statistically  significant  increase  in  visits  for 
all  respiratory  disease  and  for  asthma  was 
observed  3  days  after  the  sulfur  dioxide  peak. 
This  delay  may  ^ave  been  complicated  by  the 
Thanksgiving  holidays.     No  data  on  weather  or  on 
other  pollutants  are  given. 

A  more  recent  study  of  the  relation  of 
asthma  emergency-room  visits  to  air  pollution  in 
New  York  City  has  been  reported  by  I.  Gol'dstein 
and  Block  (1974).     They  evaluated  data  from 
hospitals  in  Harlem  and  in  Brooklyn  near  the 
B^df ord-Stuyvesant  area  for  the  period  of 
September- December  1970.    Air  monitoring 
Information  was  obtained  from  nearby  stations. 
uith  a  linear  multiple  regression  model,  using 
ci.  thmn  visits        the  dependent  variable  and 
dixly  salfut  daoxide  and  average  temperature  as 
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the  indepei^dent  variables ,  they  calculated 
multiple  ahd  partial  correlation  coefficiento 
that  demoristrated  that,  when  temperature  was 
held  conotant,  there  wao  a  positive  correlation 
between  ^ji^thma  visits  and  sulfur  dioxide  in 


reGUltQ/were  similar  for  younger  and  older 
groups  and  for  different  hospitals.  Repeat 
analysis  for  the  group  under  13  years  old  in 
September- December  1971  at  Kings  County  Hospital 
in  Brooklyn  replicated  the  1970  findings, 
NegatiWe  correlations  of  asthma  visits  with 
temperisture  were  observed,  but  these  were  not  as 
strong  a^  the  positive  correlations  for-  sulfur 
dioxide.    The  tabulated  data  show  a  50-90 
percent  increase  in  asthma  emergency-room  visits 
in  the  group  under  13  years  old  on  the  12  high- 
pollution  days,  when  sulfur  dioxide 
concentratibns  average^  0.108  ppm.     Mean  daily 
sulfur  dioxide  in  Harlem  was  similar  to  or 
slightly  higher  tha^  that  in  Brooklyn. 

Temporally,  thiat  study  at  leas\  partially 
overlapped  two  other  New  York  studies:  the 
CHESS  diary  study,  in  which  one  of  the  panel 
areas  was  not  too  far  from  Brooklyn,  and  the 
study  of  Rao  et  al.    (197-3)  r  which  also  used 
Kings  County  Hospital  pediatric  emergency-room 
asthma  visits,  including  the  period  covered  by 
I.  Goldstein  and  Block  (1974).     As  discussed 
below,  the  latter  study,  which  used  no 
temperature  data  and  less  sophisticated 
statistical  techniques,  did  not  find  a  cor-  ^ 
relation  of  asthma  w^th  sulfur  dioxide 
concentration.     The  finding  of  strong  correla- 
tions in  Brooklyn  but  not  in  Harlem  among  simi- 
lar ethnic  and  socioeconomic  groups  is  unex- 
plained.   As  suggestlpd  by  the  authors,  this  may 
indicate  the  present?^  of  a  causative  agent  that 
is  distributed  with  6uj.tur  dioxide  in  Brooklyn, 
but  not  in  Harlem.     In  this  respect,  it  should 
be  noted  that  air  pollution  derived  from  the 
industrial  areas  of  northern  New  Jersey  has  a 
tendency  to  pass  over  Manhattan  before 
fumigating  Brooklyn.     Further  analysis  of  these 
data  for  longer  periods  and  with  additional 
variables  is  underway. 

some  studies  have  failed  to  show  a  positive 
correlation  of  air  pollution  with  asthma 


Harlem.     In  both  areas,  the 
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attacks.    In  an  investigation  of  nighttime 
emergency  visits  to  a  hospital  in  Brisbane, 
Australia,  Derrick  (1970)  reported  that  there 
was,  if  anything,  a  negative  correlation  between 
smoke  ohaeie  concentration  and  asthma.     In  this 
area,  the  weather  factors  associated  with  an 
increase  in  asthma  attacks  were  completely  dif-- 
ferent  front  those  resulting  in  high  smoke  shade 
concentrations •  j 

Greenburg  et  al.   (196<4)  noted  a  sharg 
increase  in  New  York  City  hospital  emergency- 
clinic  visits  in  September  that  was  related  to 
the  onset  of  cold  weather,  and  not  to  air  pollu- 
tion.   No  statistically  significant  increase  in 
symptoms  in  asthmatics  in  relation  to  air  pol- 
lution was  noted  in  a  Chicago  study  by  Carnow  et 
al.    (1969),  although  there  was  a  slight  tendency 
toward  heightened  morbidity  on  the  day  after' 
increased  sulfur  dioxide  concentrations. 
Meteor<ylogic  data  are  not  presented. 

Rao  et  al.   (1973)  also  reported  a  negative 
correlation  of  smoke  shade  with  pediatric 
emergen<J^r-room  visits  in  Kings  County  Hospital 
in  Brooklyn.     No  association  with  sulfur  dioxide 
was  observed.     It  is  of  interest  that  the  period 
of  this  study,  October  1970-March  1971,  was  also 
included  in  the  CHESS  investigation  cited  above. 
However,  the  report  of  Rao  et  al.  has  a  number 
of  serious  deficiencies,  including  the  lack  of 
temperature  data  and  the  fact  that  the  hospital 
district  includes  areas  at  an  appreciable 
distance  from  the  monitoring  station.  In 
addition,  emergency-room  visits  may  not 
constitute  as  sensitive  an  indicator  as 
individual  diaries.     Glasser  and  Greenburg 
(1967),  in  a  study  of  the  November  1966  New  York 
air  pollution  episode,  noted  an  increase  in 
emergency-clinic  visits  in  only  three  of  seven 
hospitals  studied.    This  may, , however,  have  been 
affected  by  the  intervening  Thanksgiving  Day 
holiday. 

Air  pollution  has  also  been  postulated  to  be 
causally  related  to  periodic  outbreaks  of  asthma 
in  New  Orleans  (Weill  et  al.  196«*)  and  to  the 
asthma  observed  in  American  servicemen  stationed 
in  the  Yokohama  (Phelps  1965)  area  after  world 
War  II.  '  However,  in  neither  case  has  a  specific 
etiology  been  established,  and  the  role  of 


producto  of  otationary  foQ3il-fuel  combuotion  io 

^"  "^TakeA  ao  a  whole,  the  studies  deocribed  here 
suggeot  that  sulfur  oxides  and/or  Particleo 
potentiate  asthma  attacks  in  susceptible  people, 
such  effects  might  fca  reasonably  expected  to 
occur  at. pollutant  concentrations  ^"'ewh at  above 
the  present  air  quality  standards  in  conjunction 
with  specif ic^meteorologic  factors.    The  data 
also  indicate  a  possible  role  of  suspended 
sulfates.    The  digree  of  variability  observed  in 
these  studies  iis  probably  due  in  part  to 
inherent  difficulties  in  the  otudy  of      ,     ,  . ^ 
asthmatics.    Whether  these  difficulties  lead  to 
a  net  underestimation  of  the  relation  of  air 
pollution  to  asthma  is  not  clear. 

A  puzzling  facet  of  the  association  Qt 
asthma  attacks  with  sulfur  oxides  is  the 
apparent  delay  in  the  onset  of  the  attack  after 
peak  exposures  to  sulfur  dioxide  reported  in  a 

number  of  studies.     If  Pay^i*^^^^^,^""^^^.?^ 
the  offending  agents,  it  is  possible  that  this 
lag  reflects  the  time  required  for  oxidation  of 
sulfur  dioxide.     However,  most  asthma  attacks 
occur  late  at  night,  when  people  tend  to  be 
indoors  and  at  rest  and  when  the  air  pollution 
burden  is  presumably  at  its  lowest.  Fur- 
thermore, the  bronchocorvstrictiye  effect  of 
sulfur  oxides  observed,  in  an4.mals  and  man  is 
usually  relatively  rapid.    It  is  therefore 
difficult  to  envision  the  mechanisms  for 
pollutant-induced  asthma  attacks  on  the  basis  of 
?he  available  knowledge  of  sulfur  oxide  effects. 
Perhaps  future  studies  should  gfy^lJ^n^n^^^" 
to  the  exact  time  of  attack  an^  additional 
information  should  be  obtained  concerning  the 
possibility  that  sulfur  oxide  exposure 
sensitizes  the  respiratory  tract  to  the  later 
action  of  other  bronchoconstrictive  agents. 

CHRONIC  BRONCHITIS  AND  EMPHYSEMA 

Definition  and  classification 

Chronic  lung  disease  may  be  divided  into  a 
number  of  classifications  on  the  basis  of  such 
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characteristico  ao  etiology,  pathologic  anatomy, 
and  oymptomatology.     For  somo  pulmonary 
disordero,  there  is  generally  good  agreement  ao 
to  the  diagnostic  criteria  neceooary  to  define 
the  entity.     However,  most  people  with  chronic 
reopiratory  dioeaoe  have  a  disorder,  or  group  of 
diaordero,  variously  known  a8  chronic 
bronchitis,  emphyoema,  chronic  obstructive 
pulmonary  disease,  or  chronic  nonspecific 
respiratory  disease,     A  major  reason  for  the 
multiplicity  of  terms  and  the  differing 
diagnostic  criteria  among  physicians  is  that 
most  patients  have  a  combination  of  the 
pathophysiologic  findings  usually  ascribed  to 
different  types.    The  following  simplified 
discussion  of  chronic  lung  disease  is  presented 
mainly  for  the  purpose  of  assisting  laymen  to 
understand  the  later  discussion  of  the  health 
effects  of  air  pollution,     (Asthma  has  already 
been  discussed  separately,) 

Chronic  bronchitis  in  best  typified  as  a 
disorder  characterized  by  the  continuous 
hypersecretion  of  mucus  into  the  airways, 
leading  to  problems  associated  with  keeping  the 
bronchial  airways  open.    Any  interference  with 
mucociliary  transport  or  any  further  stimulation 
of  mucus  production,  both  of  which  may  be 
consequences  of  sulfur  oxid^e  inhalation,  would 
have  deleterious  effects.     Long-term  exposure  of 
animals  to  very  high  concentrations  of  sulfur 
dioxide  has  been  found  to  produce  an  increased 
number  of  mucus-secreting  cells  and  a  pathologic 
picture  resembling  chronic  bronchitis. 

Emphysema,  in  its  purest  form,  refers  to 
destruction  and  dilation  of  alveoli,  the  air 
sacs  where  gas  exchange  occurs,  ^nd  hyperinfla- 
tion of  the  lung.     In  the  United  States,  the 
term  "chronic  obstructive  pulmonary  'disease"  has 
often  been  used,  and  this  can  be  divided  into 
two  types:     Patients  with  type  A,  in  which 
alveolar  destruction  predominates,  tend  to  have 
severe  shortness  of  breath,  but  little  cough  or 
sputum  production.     Patients  with  type  B  have 
mostly  brochitic  findings—they  experience 
pronounced  cough  and  sputum  production  with  less 
shortness  of  breath.     Although  it  is  more  common 
in  type  B  disease,  patients  with  both  types 
often  develop  secondary  heart  disease  (cor 
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pulmonale) •    Theoe  typeo  appear  to  repreoent  the 
extremeo  of  a  continuum,  with  moot  patiento 
having  a  mixture  of  alveolar  deotru^ction  and 
bronchial  hyperoecretion.     In  general,, 
longstanding  chronic  bronchitio  leado  to 
emphyoema,  although  emphyoGma  io  occaoionally 
observed  in  the  aboence  of  bronchial  hyper- 
secretion.   With  respect  to  the  effects  of 
sulfur  oxides,  it  is  apparent  that  pollutants 
tliat  tend  to  be  absorbed  in  the  upper  airway, 
such  as  gaseous  sulfur  dioxide,  are  more  likely 
to  be  associated  with  chronic  bronchitio, 
whereas  those  which  reach  the  alveoli,  such  as 
fine  particles r  might  produce  emphyscEna, 
Conversely,  the  presence  of  ctironic  respiratory 
disease  could  interfere  with  the  clearance  and 
disposal  of  inhaled  pollutants,  thereby 
potentiating  their  effects. 

Obstruction  to  air  fl^w  during  expiration  io 
an  important  part  of  \the  jblinical  picture  in 
patiento  with  chronicN^rohchitis  and  emphysema. 
Acute  bronchoconstriction,  which  is  af^oature  of 
the  rc^sponse  to  inhaled  irritants  in  laboratory 
animals  and  man,  would  be  expected  t©  worsen  any 
preexisting  obstructive  component  materially. 
Population  studies  of  the  effects  of  air 
pollutants/  have  often  used  pulmonary  function 
tests,  ouch  as  peak  expiratory  flow  rate  and 
forced  expiratory  volumes,  to  assess  airway 
obstruction.    However,  although  these  are 
excellent  screening  devices,  more  Sophisticated 
measures  of  pulmonary  function  are  required  to 
assess  accurately  the  pathologic  processes  and 
airway  sites  of  respiratory  obstruction.  The 
term  "chronic  nonspecific  respiratory  disease" 
has  been  used  by  a  number  of  epidemiologists  in 
recent  years  and  appears  to  be  more  appropriate 
for  air  pollution  studies,  in  that  the  available 
information  is  usually  obtained  by 
questionnaires  or  simple  pulmonary  function 
testing  and  is  therefore  not  pnfficient  to 
distinguish  clearly  between  possible  typeo  of 
chronic  respiratory  dis'ease. 

There  have  been  substantial  international 
differences  in  the  reported  prevalence  rates  for 
/chronic  bronchitis  (Reid  1962,  Christenoen  and 
wood  1958).    This  may  be  due  in  part  to  ethnic 
factors,  extent  of  cigarette  consumption,  or 


131) 


90 


presence  of  air  pollution^  but  to  a  large  extent 
it  represents  differences  in  diagnostic 
•criteria.     Most  of  the  studies  about  to  be  dis- 
cussed are  from  the  American  or  British  ^ 
literature^  so  it  should  be  noted  that  the  term 
"chronic  bronchitis"  is  used  far  more  often  by 
the  British,     This  does  not  negate  the  appro- 
priateness of  the  British  findings  to  chronic 
respiratory  disease  observed  in  the  United 
Spates.  ' 

A  discussion  of  the  effects  of  air  pollution 
in  chronic  ^respiratory  disease  would  be 
incomplete  without  mention  of  two  major  deter- 
minants of  lung  function:    cigarette-smoking  and 
aging.     Cigarette  consumption  has  been  clearly 
and  consistently  related  to  a  loss  of  lung 
function  and  to  a  prevalence  of  chronic  r'espira- 
tory  disease.    Among^those  who  smoke ^  it  is  a 
much  larger  determining  factor  in  their  disease 
£han  is  exposure  to  usual  concentrations  of 
/urban  air  pollutants.    Of  course^  cigarette- 
smoking  is  voluntary^  and  breathing  is  not.  A 
significant  decrease  in  adult  lung  function 
occurs  with  age,  so  most  indexes  of  pulmonary 
function  are  standardized  for  a  givfen  age  range. 
Thus,  a  30-year-old  with  pulmonary  function  in 
the  normal  range  for  a  70-year-old  would 'be 
considered  to  have  respiratory  disease.  The 
processes  involved  in  "normal"  aging  are  not 
understood,  but,  to  the  extent  that  they  may 
represent  an  accumulation  of  minor  pathologic 
insults,  the  inhalation  of  irritant  air  pollu-^ 
tan^s,over  many  decades  conceivably  accelerates 
lung  aging.     This  is,  of  course,  speculative. 

^he  classification  and  epidemiology  pf 
chronic  respiratory  diseasfe  in  relation  to  air 
pollution  have  been  reviewed  by  Ferris  (1969, 
1973)  Higgins  (1974),  and  Holland  (1972). 


Mortality  Studies  ' 

There  is  an  extensive  literature  dealing 
with  the  adverse  health  effects  of  indvistrial 
effluents.     Epidemiologic  studies  relating 
respiratory  morbidity  and  mortality  to  air. 
pollution  have  been  a  fixture  of  the  medical 
literature  for  quite  some  time.     An  early 
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example  of  the  epidemiologic  approach  in  which  a 
geographic  comparison  of  death  rates  is  used  to 
ascertain  the  effect  of  air  pollution  was 
reported  by  Ramazzini  in  1713   (Wright  tr« 
1964)  : 

'"A  few  years  ago  a  violent  dispute  arose 
between  a  citizen  of  Finale,  a  town  in  the 
dominion  of  Modena,  and  a  certain  business  man, 
a  Modenese,  who  owned  a  huge  laboratory  at 
Finale  where  he  manufactured  sublimat'e.  The 
citizen  of  Finale  brought  a  lawsuit  against  this, 
manufacturer  and  demanded  that  he  should  move 
his  ^workshop  outside  the  town  or  to  some  other 
pla<^e,  on  the  ground  that  he  poisoned  the  whole 
neighborhood  whenever  his  workmen  roasted 
vitriol  in  the  furnace  to  make  sublimate.  To 
prove  the  truth  of  his  accusation  he  produced 
the  sworn  testimony  of  the  doctor  of  Finale  and 
also  the  parish  register  of  deaths,  from  which 
it  appeared  that  many  more  persons  died  annually 
in  that  quarter  and  in  the  immediate  neighbor- 
hood  of  the  laboratory  than  in  other  localities. 
Moreover,  the  doctor  gave  evidence  that  the 
residents  of  that  neighborhood  usually  died  of 
wasting  disease  and  "diseases  of  the  chest;  this 
he  ascribed  to  the  fumes  given  off  by  the 
vitriol,  which  so  tainted  the  air  near  by  that 
it  was  rendered  unhealthy  And  dangerous  for  the 
lungs.     Dr.  Bernardino  Corradi,  the  commissioner 
of  ordnance  in  tti^  Duchy  of  Este,  defended  the 
manufacturer,  while  Dr.  Casina  Stabe,  then  the 
town-physician,  spoke  for  the  plaintiff. 
Various  cleverly  worded  documents  were  published 
by  both  sides,  and  this  dispute  which  was 
literally  'about  the  shadow  <^^smoke' ,  as  the 
saying  is,  was  hotly  argued^^^^Tp  the  end  the 
jury  sustained  the  manuf acturer^^nd  vitriol  was 
found  not  guilty.     Whether  in  this  case  the 
legal  expert  gave  a  cdrrect  verdict,  I  leave  to 
the  decision  of  those  who  are  experts  in  natural 
science* " 

Studies  of  mortality  depend  heavily  on  the 
accurate  filing  of  death  certificates. '  Unfor- 
tunately, this  is  not  a  highly  reliable  source 
of  data,  particularly  if  it  is  use'd  to  sample 
the  total  amount  and  types  of  respiratory 
dis^^ase  mortality  in  a  given  area«     In  patjLents 
with  chronic  pulmonary  disease,  the  immediate 
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cause,»of  death  might  be  an  otherwise  minor 
respiratory  infection  or  cardiac  failure 
secondary  to  the  pulmonary  disease. 
Furthermore,  the  cause  of  death  may  not  be 
directly  related.     The  extent  to  which  specific 
ch^nic  respiratory  diseases  are  listed  as 
immediate  causes  of  death  or  as  underlying 
conditions  depends  on  the  familiarity  of  the 
^k""^.^*?^"^  physicians  with  the  individual  cases, 
their  diagnostic  acumen,  and  local  medical 
usage,     in  addition,  death  certificates  are 
^f^®"  according  to  place  of  death,  which 

may  not  be  where  the  person  lived  for  most  of 
his  life. 

Despite  these  possible  complicating  factors, 
the  substantial  rise  in  recent  years  of  chrbnic 

^^^h  ""^^  disease  mortality  clearly  indicates 
S^.^     •  IS  an  increasingly  important 

factor  in  the  well-being  of  the  general 
population   (HEW  1974).     Age-adjusted  death  rates 
fn^'.u  "IJ''?^^^^'  emphysema,  and  asthma  combined 
in  the  United  states  in  1958  were  6.9/100.000 
population   (males,   n.a;  females,  2.9)   in  1958 
and  12.1/100,000  (males,  21.4;  females,  a. 7)  in 
1967,  on  the  basis  of  approximately  the  same 
classification  of  disease.     A  closer  look  at  the 
data  reveals  that,  despite  this  increase,  there 
has  beeji  an  absolute  decline  in  reported  asthma 
deaths,  which  formerly  accounted  for  60  percent 
ot  total  chronic  respiratory  disease  deaths  and 
now  account  for  less  than  10  pefcent.  This 
great  increase  in  bronchitis  and  emphysema 
mortality  is  unlikely  to  be  due  simply  to 
changes  in  diagnostic  criteria.     The  increase  in 
chronic  respiratory  disease  death  rate  is  more 
notable  in  white  males  than  in  nonwhite  males- 
this  IS  consistent  with  the  apparent  greater 
effect  of  pulmonary  irritants  on  whites.  During 
this  period,  death  rates  for  influenza  and 
pneumonia  combined  were  relatively  stable-  they 
are  currently  about  double  the  death  rate  for 
chronic  respiratory  disease. 

The  causal  relation  of  severe  air  pollution 
episodes  to  increased  mortality  is  firmly  estab- 
^"'^  Greenburg  1971,  Greenburg  et 
al.   1962,  Logan  1953,  Schrenk  et  al.  1949, 
Firket  1931).     Older  people  with  preexisting 
heart  and  lung  disease  are  particularly  at  risk. 
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although  increased  mortality  in  all  age  groups 
was  observed  during  the  disastrous  London  fog  of 
1952.     An  important  question  concerning  these 
severe  episodes  is  whether  the  life  span  is 
shortened  only  for  those  who  die  immediately  or 
for  a  larger  portion — perhaps  all — of  the 
population.     If  these  episodes  oniy  shorten 
slightly  the  lif^  span  of  the  severely  ill^  then 
one  would  expect  to  observe  fewer  than  the ^ usual 
number  of  deaths  in  the  period  after  an  episode. 
This  has  been  observed  on  occasion ^  but  never  to 
the  equivalent  e^ctent  of  the  excess  of  deaths 
during  an  episode.     However^  the  varicible  nature 
of  mortality  data  does  not  permit  the 
determination  of  whether  life  span  is  shortened 
only  in  relatively  unhealthy  people,  who  will 
then  die  in  the  days  and  weeks  after  exposure, 
or  in  a  much  larger  segment  of  the  population. 

An  extensive  literature  concerning  the 
association  of  air^  pollution  with  respiratory 
disease  mortality  in  Great  Britain  is  available. 
In  1964,  Martin  reviewed  a  number  of  these 
studies,  evaluating  variations  in  mortality  in 
relation  to  air  pollution.     For  the  London  area, 
it  appeared  that  there  were  critical  con- 
centrations of  smoke  (2,000  ug/m^)   and  sulfur 
dioxide  (0.4  ppm)   above  which  a  marked  immediate 
excess  in  mortality  occurred  during  1954-1957. 
Further  study  of  the  winters  of  1958-1959  and 
1959-1960  showed  high  correlations  of  death 
rates  (computed  ^s  15-day  moving  averages  to 
remove  seasonal  trends)  with  both  sulfur  dioxide 
and  smoke.     The  effect  appeared  to  be  a 
relatively  immediate  one,  and  it  was  difficult 
to  determine  a  threshold  from  the  plotted  data. 
Pemberton  and  Goldberg  (1954)   evaluate^  the 
1950-1952  mortality  rates  in  county  boroughs  of 
England  and  Wales.     A  significant  correlation 
with  sulfur  dioxide  (sulfation  rate)  was 
observed  for  bronchitis  mortality  in  males  45 
years  old  and  over.     Much  smaller  associations 
of  bronchitis  death  rates  were  observed  with, 
sulfation  in  females  and  with  particles  in 
either  sex.     Stocks  (1959)  noted  an  association 
of  bronchitis  mortality  with  air  pollution  foi^' 
1950-1953  in  the  county  boroughs  of  England  ancr 
Wales  after  adjustment  for  the  effects  of 
population  density.     Evaluation  of  a  smaller 
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area  in  which  more  comprehensive  air  monitoring 
data  were  available  showed  a  correlation  of 
bronchitis  mortality  with  dust  deposit,  but  not 
with  smoke  shade,  whereas  the  opposite  was  true 
for  lung  cancer. 

Daly  (1959)  also  reported  a  high" correlation 
between  ,fuel  consumption  and  bronchitis 
mortality  in  middle-aT^ed  men  residing  in  large 
towns  in  England ^an<r  Wales  for  1950-1952  After 
adjustment  for  social  class,  the  correlation  was 
somewhat  wgller.     Pneumonia  mortality  was  only 
slightly  ^3%ted,to  fuel  consumption. 

Durin#««*similar  period,  l950i  ~ 
studies  were ^  reported  by  Gorham  (i 
that  are  of  particular  interest,  i, 
found  that  bronchitis  mortality  in' 
Scotland,  and  Wales  was  strongly  iL_ 
correlated  with  the  pH  of  winter  prel^t-^ 
At  a  pH  of  a  or  lower  in  urban  areas,  the 
bronchitis  mortality  was  100/100,000:  at  a  pH  of 
L°l  higher,  it  was  60/100,000.     He  also  noted 
that  the  rural  bronchitis  mortality  was 
46/100,000,  which  implies  that  rain  acidity  is 
factor  involved.     A  smaller,  but, 
still  significant,  correlation  of  bronchitis 
mortality  with  winter  sulfation  rate  Ifa  measure 
of  sulfur  dioxide)  was  also  observed.    A  partial 
regression  equation  was  calculated  in  which 
bronchitis  mortality  per  100,000  population  is 
equal  to  192  (0.838) a,  where^ a  is  the  pH  of 
winter  precipitation. 

Gore  an^  Shaddick  (1958)   evaluated  stan- 
dardizedflt6rtality  ratios  for  deaths  in  a  2-year 
^^5^^^^^'*"''^^^'        different  areas  of  London  " 
and  c6mpared  them  with  pollution,  social  class, 
and  percentage  of  people  born  in  London.  Smoke 
was  directly  related  to  bronchitis  deaths,  but 

,N^£5^^^®  ^'^^  However,  in  association 

with  length  of  residence,  both  these  pollutants 
were  significantly  correlated  with  bronchitis 
mortality.     Similarly,  Hewitt   (1956)  observed  a 
Significant  correlation  of  London  bronchitis 
deaths,  and  deaths  from  all  causes,  with  a 
composite  index  of  sulfur  dioxide  and  percentage 
horn  in  London.     These  studies  suggest  that  the 
duration  of  exposure  to  London  pollution  was 
important  in  eventual  bronchitis  deaths  and 
indicate  a  long-term  effect  of  pollution  on 
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mortality.     Similar  studies-  have  not  been 
performed  in  the  more  peripatetic  American 
population. 

Burn  and  Pemberton  (1963)   divided  the 
heavily  polluted  area  of  Salford,  Great  Britain, 
into  five  districta  on  the  basid  of  smoke  and 
sulfur  dioxide  concentrations.     Deaths  from  all 
causes,  bronchitis,  and,  to  a  lesser  extent, 
lung  cancer  were  related  to  air  pollution  in 
1958- 1959,     Deaths  frdm  arteriosclerotic  heart 
disease  and  strokes  were  not  associated  with  j 
pollution.     The^positive  findings  may  be  due  in 
part  to  social-class  differences,  which  could 
not  be  evaluated. 

More  pertinent  to  purrent  considerations  of 
air  pollution  control  strategy  is  the  question 
pf  whether  daily  variations  in  pollution  con- 
centrations at  or  somewhat  above  current  U.S. 
air  quality  standards  have  any  short-term  effect 
on  mortality.     To  evaluate  this  question,  it  is 
necessary  to  assess  carefully  the  variations  in 
daily  mortality  not  due  to  air  pollution.  Of 
particular  importance  are  factors  that  correlate 
with  both  air  pollution  and  death  rates,  such  as 
meteorologic  conditions  and  influenza  epidemics, 
the  latter  tending  to  occur  during  the  winter 
heating  season. 

Among  the  studies  of  the  effect  of  air 
pollution  on  sbort-term  mortality  in  Great 
Britain  is  that  of  Boyd  (1960),  who  related 
weekly  temperature  and  pollution  concentrations 
to  mortality  in  the  succeeding  week.     Both  smoke 
and  sulfur  dioxide  concentrations  cori^elated 
with  deaths  due  to  respiratory  disease,  and  the 
effects  were  most  appareiiifc  at  lower 
temperatures.    One  relatively  unusual  finding 
among  British  investigators  was  a  better 
correlation  with  sulfur  dioxide  than  with  smoke. 
The  sulfur  dioxide  data  were  tabulated  as  meah 
weekly  sulfur  dioxide^ concentrations  of  less 
than  0.4,  0,1-0.15,  and  more  than  0,15  ppm.  An 
increase  in ^respiratory  disease  mortality  was 
genfer^lly  observed  in  each  temperature  range  as 
sulfur  dioxide  concentration  increased. 
\     Numerous  American  studies  have  related 
mortality  to  air  pollution.     Those  dealing  with 
ac\ite  episodes  have  been  cited  elsewhere  in  this 
docu^ieiit.     An  interesting  follow-up  of  the  1948 
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Donora  disaster  was  performed  by  ciocco  and 
Thompson  in  1957   (1961).     People  who  reported  , 
Illness  during  the  acute  episode  later  had  an 
increased  prevalence  of  illness  and  higher, 
mortality  rates  than  those  who  did  not  repo;ct 
bexng  affected  in  19«*8.     This  still  held  true^ 
although  to  a  lesser  extent^  when  the  analysis 
was  restricted  to  those  who  had  been  in  good 
health  before  the  1948  eg^sode.    The  findings 
may  be  interpreted  as  indicating  that  air 
pollution  shortens  the  life  span  of  those  who 
survive  an  acute  episode  or  that  those  who 
respond  to  environmental  stress  are  more  suscep- 
tible to  serious  diseases.     Most  likely^  the 
correct  interpretation  is  a  combination  of  the 
two,  i 

Some  relatively  early  Public  Health 

Service  studies  were  described  by  Rumf ord  in 
1961,     Four  pair^  of  Chicago  health  districts 
were  selected  for  differences  in  industrial 
activity  but  similarity  in  socioeconomic  status- 
Evaluation  of  white  females  showed  an  increased 
mortality  from  all  heart  and  lung  disease  in  the 
industrial  areas.     However »  in  Philadelphia^ 
only  deaths  from  chronic  rheumatic  heart  disease 
could  be  related  to  dustfall.     Even  earlier 
studies  by  Mills   (1952,   1948,   1943)  had 
indicated  a  relation  of  sootf all- to  respiratory 
mortality  in  Chicago,  Pittsburgh,  Cincinnati, 
and  Detroit- 

An  extensive  series  of  studies,  including 
mortality  evaluations,  were  performed  by  the 
U.S.  Public  Health  Service  in  Nashville, 
Tennessee,  begiipiing  in  1957   (Zeidberg  et  al- 
1967).     The  area  was  divided  into  nine  cate- 
gories on  the  basis  of  socioeconomic  class  and 
pollution.     The  latter  was  determined  by  a  very 
extensive  monitoring  system  that  obtained  data 
on  sulfation  rate,  soiling  index,  and  dustfall. 
There  was  also  direct  monitoring  of  sulfur 
dioxide,  which  confirmed  that  Nashville  had 
relatively  low  concentrations  of  this  con- 
taminant.    The  cutoff  point  for  the  high- 
pollution  area,  selected  to.  be  one  standard 
deviation  above  the  mean  for  the  entire  city, 
was  based  on  a.  geometric  mean  sulfur  dioxide' 
concentration  of  0.013  ppm  and  a  sulfation  rate 
of  0.4  mg/100  cm^  per  day.     The  authors  conclude 
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that  the  data  indicated  a  direct  relation 
between  age-specific  respiratory  disease 
mortality  and  sulfation  rate.     However^  there 
are  a  number  of  problems  with  their  analysis. 
In  an  attempt  to  control  for  the  large  inverse 
effect  of  socioeconomic  class  on  respiratory 
disease  mortality^  they  studied  the  middle 
socioeconomic  class.     Although  this  group  showed 
a  direct  relation  of  all  respiratory  disease 
mortality  with  both  sulfation  rate  and  soiling^ 
no  association  with  deaths  due  to  bronchitis  and 
emphysema  was  observed.     Furtherinoref  the  middle 
claa@  was  very  broadly  defined;  this  raises  the 
possibility  that  the  eliminatxcn  of  a 
socioeconomic  effect  was  incomplete.  Cardio- 
vascular disease  mortality  was  reported  to  have 
a  small  and  inconsistent  association  with  the 
soiling  index,  particularly  in  females  (Zeidberg 
et  al.   1967) . 

Wilkelstein  and  his  colleagues   (1968,  1967), 
performed  a  series  of  studies  in  Erie  County 
(Buffalo)  ,  IJew  York,  in  which  monitoring  data 
were  used  to  divide  the  area  into  pollution 
categories.    Mortality  from  all  causes  and 
mortality  from  chronic  respiratory  disease  in 
white  males  50-69  years  old  were  found  to  be 
associated  with  concentrations  of  suspended 
particles.     The  standardized  mortality  ratios 
for  chronic  respiratory  disease  mortality  in 
this  group  were  76  in  air  pollution  category  1 
(total  mean  suspended  particles,  less  than  80 
ug/m3) ,  98  in  category  2  (80-100  ug/m^) ,   112  in 
category  3   (100-135  ug/m*) ,  and  137  in  the 
highest  air  pollution  category   (over  135  ug/m^)  . 
These  data  were  apparently  of  great  influence  in 
the  establishment  of  the  U.S.*  air  quality 
standard  for  total  suspended  particles,  75  ug/m' 
(annual  mean).     However,  socioeconomic  class  was 
inversely  related  to  deaths  from  chronic 
respiratory  disease,  and  the  areas  with  greater 
pollution  tended  to  be  less  affliient.  The 
authors  suggest  that  the  air  pollution  effect  is 
at  least  partially  independent,  of  the 
socioeconomic-class  effect.     This  contention  is 
supported  by  reasoning  based  on  inspection  of 
standardized , data  for  various  subgroups,  rather 
than  more  detailed  multiple  regression  analysis 
or  assessment  of  sta^tistical  significance.     In  a 
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teview  of  this  work^  Winkelstein  (1970)  in 
effect  argues  that  these  more  sophisticated 
statistical  tests  are  unwarranted,  in  view  of 
the  relative  crudeness  of  the  data  obtained  in 
epidemiologic  air  pollution  studies.    This  is  a 
crucial  point,  particularly  because,  without 
such  further  statistical  analysis,  it  is  diffi- 
cult to  obtain  precise  dose-response  information 
or  to  assess  minimal  no-effect  concentrations • 

Evaluation  of  the  Erie  County  mortality  data 
in  relation  to  sulfation  rates  did  not  reveal 
any  association,  nor  was  there  any  evidence  of  a 
synergistic  effect  with  total  suspended 
particles.     However,  the  gradient  for  sulfation 
rate  was  not  as  pronounced  as  that  for 
particles,  and  that  may  have  affected  the 
analysis. 

It  should  be  noted  that  both. the  Buffalo  and 
Nashville  mortality  studies  have  been  criticized 
on  the  basis  of  their  lack  of  data  on  cigarette- 
smoking.     Obviously,  a  difference  in  cigarette 
consumption  in  thg  local  areas  could  account 
totally  for  the  effect  ascribed  to  air 
pollution.     However,  to  the  extent  that  lung 
cancer  can  be  considered  to  be  an  excellent 
biologic  indicator  of  cigarette-smoking,  the  j) 
failure  to  observe  any  difference  in  lung  cancer 
rates  related  to  air  pollution  in  these  two 
studies  im^ies  that  the  data  are  not  confounded 
by  a  gradient:  in  cigarette  consumption. 

New  York  City  has  been  the  site  of  a  number 
of  epidemiologic  studies  relating  air  pollution 
to  mortality.     Excess  mortality  during  acute  air 
pollution  episodes  was  reported  in  a  seiries  of 
studies  by  Greenburg  and  his  colleagues  (Glasser 
et  al.   1967,  Greenburg  et  al.   1967,  Greenburg  et 
al.   1962).     McCairoll  and  Bradley   (1966)  demon- 
strated that  less*  severe  air  pollution  episodes 
were  also  associated  with  increased  mortality. 
However,  of  more  pertinence  to  present  questions 
concerning  the  required  extent  of  air  pollution 
control  are  studies  that  evaluated  pollution 
concentrations  and  mortality  on  a  daily  basis 
over*  a  long  period. 

Hodgson  (1970)   studied  daily  mortality  in 
New  York  City  from  November  1962  to  March  1965. 
Death  rates  were  related  to  pollutant  concen- 
trations measured  at  one  monitoring  station  in 
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Manhattan  and  to  a  measute  of  low  temperature • 
Mr  pollution  variables  were  highly  related  to 
mortality  from  respiratory  and  cardiac  disease. 
Particle  concentration  was  a  better  predictor  of 
the  effect  than  was  sulfur  dioxide 
concentration.     Mortality  from  other  causes  was 
not  associated  with  air  pollution.  Additional 
reported  findings'  include  the  lack  of  an 
apparent  threshold  for  an  effect  of  pollutants 
on  mortality  and  the  fact  that  the  environmental 
influence,  on  respiratory  and  cardiac  deaths  is 
exerted  only  by  pollution  concentrations  on  the 
day  of  death  and^  to  a  lesser  extent,  on  the 
preceding  day.     Excess  mortality  due  to  air 
pollution  was  calculated  for  average  monthly 
increases  in  particles  and  sulfur  dioxide,  but 
the  definition  of  the  pollutant  units  is  not 
"clear.     Possible  criticisms  might  be^  related  to 
inadequate  adjustments  of  mortality  data  for 
meteorologic  factors,  influenza  epidemics,  and 
seasonal  influences.     In  particular,  a  source  of 
bias  may  have  been  introduced  by  the  use  of 
three  winters  and  only  two  summers, 

Glasser  and  Greenburg"*  (197 1)   studied  the 
effects  of  air  pollution  on  mortality  in  New 
York  City  in  1960- 196a  solely  for  the  months 
October  -  March,     Adjustments  for  remaining 
seasonal  factors  were  made  by  use  of  a  moving  * 
average,  and  deaths  were  recorded  as  deviations 
from  the  normal  5-year  mean.     These  were  related 
to  smoke  shade   (COHS)   and  sulfur  dioxide 
measurements  from  onp  New  York  City  monitoring 
station.     Temperature  was  recorded  in  terms  of 
deviation  from  the  expected  daily  normal.  When 
deviations  in  daily  deaths  were  compared  with 
daily  sulfur  dioxide  concentrations,  a  sharp 
increase  in  mortality  was  noted  for  the  days 
when  the  sulfur  dioxide  concentrations  were 
greater  th^n  0,3  ppm,     A  slight  gradual  non- 
significant increase  was  also  observed  at  lower 
concentrations  of  sulfur  dioxide.     The  relation 
of  smoke  shade  to  ^eaths  was  more  variable  at 
lower  concentrations,  and  a  sharp  increase  in 
excess  mortality  was  present  only  on  the  most 
polluted  days.     These  findings  were  uncorrected 
for  temperature.     However,  when  regression 
analyses  with  meteorologic  factors  were  per- 
formed, sulfur  dioxide  was  still  found  to  be 
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positively  correlated  wiJJi  the  deviation  in 
daily  mortality,  and  tt^is  ASQociation  tended  to 
be  confirmed  by  a  f urth^analysia  in  which  days 
with  similar  weather  conditions  were  compared. 
The  major  increase  in  deaths  was  again 
associated  with  days  when  sulfur  dioxide 
concentrations  were  above  0,3  ppm,  although  a 
gradual  increase  below  this  concentration  was 
also  observed.     Thi^;.«tudy  tends  to  support  an 
association  of  deaths  in  New  york  city  with 
daily  sulfur  dioxide  concentrations  higher  than 
permitted  (U.S.  air  quality  Standard,  0.14  ppm) . 
However,  it  can  be  questioned  whether  the  data 
have  been  sufficiently  adjusted  for  more  subtle 
meteorologic  effects  on  the  death  rate,  as  well 
as  for  the  effect  of  influenza  epidemics. 

Two  more  recent  studies  have  used  highly 
sophisticated  statistical  techniques  to  evaluate 
New  York  city  mortality  rates;  although  botl> 
have  shown  an  association  with  air  pollutiqh, 
their  results  have  been  markedly  different^ 
Buechley  et  al.   (1973)   assessed  daily  variations 
m  the  death  rate  in  the  entire  New  York  metro- 
politan area  for  1962-1966  in  relation  to  air 
monitoring  data  from  one  station  in  upper  Man- 
hattan.    They  also  assessed  a  number  of 
variables  that  were** shown  to  affect  the  death 
rate,  including  temperature,  day  of  the  week, 
holidays,  and  influenza.     The  effects  of 
temperature  were  handled  in  a  very  complex 
fashion  in  which  death  rates  were  adjusted  for 
seasonal  cycles,  extreme  heat,  and  daily  and 
weekly  temperature  differences.  After 
regression  analysis  and  serial  elimination  of 
the  other  variables,  sulfur  dioxide  was  found  to 
be  highly  correlated  with  the  residual 
mortality.     Mortality  was  2  percent  more  than 
expected  on  days  when  sulfur  dioxide 
concentrations  wete  above  500  ug/m3   (0.19  ppm), 
and  1.5  percent  less  than  expected  on  days  when 
sulfur  dioxide  concentrations  were  less  than  30 
ug/m3   (0.01  ppm).     Graphic  portrayal  shows  a 
tendency  toward  a  stepwise  progression  in 
mortality  with  increasing  sulfur  dioxide 
concentration  and  gives  the  impression  that 
there  is  no  appreciable  threshold  for  this 
effect.     However,  the  differences  at  the  lower 
concentrations  of  sulfur  dioxide  are  not  statis- 
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tically  significant.    The  authors  state  that 
particles  do  as  well  as  sulfur  dioxide  in  pre- 
dicting death  and  that  a  similar  but  weaker 
effect  was  observed  in  the  Philadelphia  area. 
Howler,  the  data  are  not  presented. 

^^^himmel  and  Greenburg  (1972)   reported  a 
much  higher  estimate  of  deaths  associated  with 
sulfur  dioxide  and  smoke  shade.     Their  study 
used  data  from  the  same  monitoring  station  as 
that  of  Buechley  et  al.    (1973),  but  was  limited 
to  deaths  in  1963- 1968 ^solely  within  New  York 
City.     They  also  considered  the  effect  of  pollu- 
tant concentrations  on  the  days  preceding  death, 
as  well  as  on  the  day  of  death,  and  included  the 
cause  of  death  in  their  analysis.     The  highest 
estimate  of  deaths  due  to  smoke  shade  -and  sulfur 
dioxide  were  obtained  when^the  regression  was 
performed  for  pollution  alone.     This  estimate 
was  lower  after  adjustment  for  other  variables, 
including  mean  daily  temperature,  seasonal  and 
annual  trends,  and  day  of  the  week.  Estimates 
of.  the  percentage  of  deaths  4.mmediaH;ely  rei^ited 
to  air  pollution  depended  on  the  analysis  and 
ranged  from  8  to  16  percent.     The  authors 
discuss  why  the  various  approaches  might 
overestimate  or  underestimate  the  true  effects 
and  conclude  that  12  percent  is  a  reasonable 
assumption.     Mortality  from  all  causes,  except 
diseases  of  infants,  was' related  to  pollution. 
When  the  excess  deaths  were  partitioned  between 
sulfur  dioxide  and  smoke  shade,  80  percent  of 
them  appeared  to  be  associated  with  smoke  shade. 

The  reasons  for  the  large  contrast  between 
these  two  pap^s  are  difficult  to  disentcingle. 
The  much  lower^'atiasociation  observed  by  Buechley 
et  al.  may  be  due  to  more  intensive  adjustment 
for  temperature  variables  and  to  the  considera- 
tion of  the  effect  of  influenza-     The  higher 
estimate  in  the  Schimmel  and  Greenburg  paper 
might  be  related  to  their  consideration  of  the 
contribution  of  pollutant  concentrations  on  the 
days  preceding  the  day  of  death.  However, 
Lebowitz   (1973),  using  a  different  statistical 
approach,  found  an  almost  immediate  effect  of 
pollution  on  mortality  in  New  York  and  other 
cities.     To  the  extent  that  it  is  inappropriate 
to  use  one  monitoring  station  to  characterize  a 
large  area,  the  approach  of  Buechley  et  al.  is 
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more  vulnerable r ' in  that  they  uqed  mortality 
data  from  the  entire  metropolitan  area,  rather 
than  New  York  City  alone.    In  this  respect^  the 
study  of  Blade  and  Ferrand  (1969)  showed  a 
reasonably  good  correlation  between  the  many  New 
York  monitoring  stations.    However,  a  report 
evaluating  more  recent  data  from  the  same 
network  did  not  find  as  close  a  relatic^ship 
(Goldstein  et  al,  1974).    Another^ pertinent 
point  is  that,  if,  in  fact,  12  percent  of  New 
York  City  residents  had  their  life  expectancy 
decreased  by  the  short-term  effect  of  pollution 
in  the  middle  of  the  last  decade,  then  air 
pollution  was  a  far  mor6  serious  public  health 
hazard  than  most  people  believed. 

Despite  their  individual  differences,  the 
four  studies  of  New  York ^Cityp mortality  in  rela- 
tion to  daily  pollution  concentrations  have 
relatively  similar  overall  findings.     Each  has 
found  that,  before  the  institution  of  recent 
control  measures,  air  pollution  in  New  York  City 
was  associated  with  an  increase  in  daily 
.mortality.     In  addition,  there  is  the  suggestion  , 
^  that  this  effect  may  not  have  an  appreciable 
threshold.    The  lack  of  agreement  as  to  whether 
particles  or  sulfur  dioxide  correlated  best  with 
mortality  may  constitute  indirect  evidence , that 
the  measurements  are  only  indicators  of  the 
pollutants,  related  or  unrelated,  that  are 
actually  responsible  for  toxicity. 

These  studies  also  illustrate  that  epi- 
demiology is  a  relatively  imprecise  science.  An 
observed  association  becomes,  far  more  credible 
when  it  is  replicated  by  different  scientists 
using  different  approaches,  particularly  in  a 
field  as  complex  as  the  health  effects  of  air 
pollution.    Although  the  results  are  in  the  same 
direction,  the  fact  that  they  vary  widely  in 
magnitude  indicates  fulrther  the  difficulty  in 
determining  precisely  what  degree  of  air 
pollution  produces  how  much  illness  in  how  many 
people. 

Both  Buechley  and  Schimmel  are  extending 
their  observations  to  more  recent  years,  in 
which  sulfur  dioxide  Concentrations  have  been 
greatly  reduced.     This  redaction  has  been  caused 
by  the  use  of  low--sulfur  fuel,  but  it  has  been 
associated  with  only  a  relatively  small  decrease 
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in  particle  concentrations,    h  tentative  and 
ii^omplete  analyoip  of  the  ciore  recent  mortality 
dafa  has  been  presented  by  Schimmel  et  al, 
(1974);  there  appears  to  be  no  change  in  the 
finding  that  12  percent  of  deaths  are  associated 
with  air  pollution •     If  that  is  true^  it  implies 
that  control  measures  have  thus  far  had  little 
effect.     However^  this  finding  must  be 
approached  with  caution,  until  both  groups  have 
had  a  chance  to  complete  their  analyses  and 
there  is  an  opportunity  to  review  their  results 
in  detail. 


Morbidity 

It  is  reasonable  to  assume  that,  for  every 
person  who  dies  during  an  air  pollution  episode, 
many  more  will  be  made  sick.  Furthermore, 
relatively  minor  daily  variations  in  atmospheric 
pollution  would  be  expected  to  have  a  greater 
effect  on  morbidity  than  on  the  mortality  of  the 
population  at  risk.     Accordingly one  would 
predict  that  morbidity  would  be  a  better 
indicator  of  air  pollution  effects  than  would 
mortality.     However,  it  is  apparent  from  the 
studies  to  be  described  that  the  evidence  of  an 
association  of  relatively  Ipw  pollutant  con- 
centi;ations  with  respirafecrfy  tract  morbidity  is 
at  most  slightly  better  than  that  for  mortality. 
This  may  be  a  function  qf  the  measurement  of 
response.     Death  is  a  readily  quantifiable  all- 
or-none  phenomenon;  the  gradation  between  health 
and  illness  can  be  very  subtle,  particularly 
when  large  populations  are  evaluated. 
Epidemiologic  studies  of  respiratory  tract 
morbidity^  have  used  a  number  of  measuring 
devices.  Including  daily  diaries,  question- 
naires, work  and  school  absence  rates, 
hospitalization  rates,  clinic  visits,  and  the 
testing  of  pulmonary  function.     All  these  have 
some  difficulties  that  might  obscure  an 
association  with  air  pollution.     In  addition,  as 
discussed  earlier,  some  variables,  s\ich  as 
meteorologic  factors,  are  related  to  pollutant 
concen-«  trations  and  have  independent  effects  on 
respii:atory  disease.     As  is  the  case  with  air 
pollution,  such  a  factor  as  temperature  would  be 
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expected  to  have  more  subtle  effects  on 
morbidity  than  on  mortaMty-     It  is  therefore 
necessary  to  assess  carefully  these  possibly 
i confounding  variables  in  the  study  of  the 
relationship  of  raepiratory  diseas^  tp  a4r 
pollution.  I 

Many  of  the  s^dies  that  have  suggeste3^  an 
association  of  pollution  with  chronic 

respiratory  disease  are  based  on  the  higher 
prevalence  rates  in  urban,  compared  with  rural, 
areas.     Although  the  increased  prevallence  of 
chroi^c  respiratory  disease  in  urban  /adults  is 
conceivably  due  in  part  to  the  pqpul^ion 
density  and  greater  mbbility — leaclingNbo  a  vx. 
higher  incidence  of  endemic  and  epxdamlc 
respiratory  tract  infections,  compared  with  that 
in  more  isolated  rural  areas — this  would  not 
explain  the  major  differences  observed. 
Furthermore,  comparisons  of  cities  with  similar 
population  densities  but  different  degrees  of 
air  pollution  have  tended  to  confirm  an 
association  of  ai^r  pollution  with  chronic  ' 
respiratory  disease.    As  discussed  earlier, 
.studies  that  compare  prevalence  rates  of  chronic 
respiratory  disease  among  different  areas  are  of 
value  only  if  caureful  attention  is  paid  to 
standardization  of  observers,  observation 
methods,  and  the  populations  at  risk. 

Higgins  et  al.    (1958,   1956)   conducted  a 
series  of  studies  in  rural  areas  of  Scotland  amd 
Wales  and  the  industrial  town  of  Leigh,  in  which 
the  prevalence  of  respiratory  symptoms  and  the 
forced  expiratory  volume   (0.75  sec)  were 
measured  in  a  random  sample  of  men  and  women  55- 
64  years  old.     Slight  changes  consistent  with  an 
urban  effect  were  observed,  but  these  were 
minor,  compared  with  the  effect  of  a  past  or 
piiresent  history  of  working  in  coal  mines.  Reid 
and  Fairbaim  (1958)  studied  about  500  British 
postmen  who  had  retired  because  of  chronic 
bronchitis.     They  noted  that  those  over.  44  years 
old  living  in  more  polluted  areas  had  a  higher 
attack  rate  of  illness  arid  that,  after 
treatment,  those  living  in  more  pollured  areas 
.  died  of  their  diseas^e  faster.     Air  monitoring 
data  are  not  given  for  these  studies,  which  were 
conducted  in  the  1950"s.     In  1960-1961,  Hollan<i 
and  Reid  (1965)  noted  an  increase  in  the 


in  pulmonary  function  in  workmen  living  in 
London r  compared  with  those  in  more  rural  areas 
of  southern  England.     A  comprehensive  study  by 
the  College  of  General  Practitioners   11961)  in 
Great  Britain  confirmed  the  presence  oi  a 
significant  urban-rural  difference  in  bronchitis 
fates.     A  comparative  study  of  England  an^  the 
United  States  has  been  reported  by  Holland  et 
al.    (1965)  . 

Fciirbaitn  and  Reid  (1958)   have  also  evalua- 
ted sickness  absence  rates  and  retirements 
because  of  bronchitis  in  British  civil  servants 
in  relation  to  an  indirect  measure  of  air 
pollution.     In  1948^1 954 ^  total  sickness  rates 
in  postmen  correlated  significantly  with  both 
population  density  and  pollution;  however, 
bronchitis  disability  was  significantly  related 
only  to  pollution.     The  distribution  of  bronchi- 
tis disability  was  similar  to  that  of  bronchitis 
mortality  for  the  entijre  British  population.  In 
a  3  percent  sample  of  the  total  civil  service 
during  1946-1953,  the  sickness  absence  rates 
because  of  various  respiratory  tract  illnesses 
were  calculated  for  postmen,  men  working 
indoors,  and  women  working ' indoors.     In  all 
three  groups,  after  standairdizat'ion  for  popu- 
lation density  eind  domestic  crowding,  there  was 
a  positive  correlation  of  pollution  with  bron- 
chitis that  approached  statistical  significance. 
Upper  respiratory  tract  infections  and  influenza 
did  not  correlate  with  polut ion,  although  ^ 
influenza  in  men  was  strongly  associated  with 
crowding^ 

Sickness  absence  rates  due  to  bronchitis 
were  also  evaluated  by  Cornwall  and  Raffle 
(1961)   in  London  transport  workers  in  1952-1956. 
Absences  of  4  days  or  longer  were  related  to  the 
area  in  or  around  London  in  which  they  worked, 
largely  in  buses  or  trolleys.     The  incidence  of 
bronchitis  in  the  total  group  correlated  closely 
with  dense  London  fogs.     Tnose  working  in  the 
more  rural  areas  around  LondOu  had  lower 
bronchitis  absence  rates  than  those  within 
London.     When  the  bronchitis  rates  in  those 
working  in  different  areas  of  the  countryside 
aroynd  London  were  compared,  the  highest  rates 
were  observed  in  the  direction  in  which 
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prevailing  winds  would  be  expected  to  transport 
London  air  pollution*    Reid  reported  a  similar 
observation  in  London  postmen  in  a  more 
restricted  periurban  area  (1956). 

The  concept  of  an  interaction  between 
cigarette-smoking  and  air  pollution  effects  is 
supported  by  the  study  of  Lambert  and  Reid 
(1970),  a  postal  survey  of  nearly  10,000  britons 
35-69  years  old.     In  nonsmokers,  the  prevalence 
rates  of  respiratory  symptoms  w^e  relatively 
unaffected  by  air  pollution.     However,  air 
pollution  had  a  definilje  and  independent  effect 
on  prevalence  rates  in  smokers •     The  authors 
constructed  symptom  prevalence  ratios 
standardized  for  age  and  smoking  in  relation  to 
^^atmospheric  smoke  and  sulfur  dioxide 
concentrations.     Men  residing  in  areas  with  mean 
annual  smoke  jconcentrations  of  lesg  than  100 
ug/m3  had  symptom  prevalence  ratios  of  97, 
compared  with  112  for  those  residing  in  ar^as 
with  smoke  concentrations  of  100-150  ug/m^. 
Higher  smoke  concentrations  were  associated  with 
greater  increases  in  prevalence  ratios •  The 
data  on  men  for  sulfur  dioxide  were  similar  but 
not  as  dramatic.     When  annual  mean  sulfur 
dioxide  concentration  was  less  than  100  ug/zn^, 
the  symptom  prevalence  ratio  was  87;  a^  T00150 
ug/m3,  it  was  96.     However,  there  were  only  11 
male  responders  in  the  areas  with  low  sulfur 
dioxide.     For  women,  the  trends  were  Smaller  and 
less  consistent,  in  keeping  with  the  smaller 
urban-rural  differences  for  chronic  bronchitis 
mortality  and  morbidity  in  women.    The  data  as  a 
whole  further  support  the  dominant  influence  of 
cigarette-smoking,  compared  with  air  pollution, 
on  respiratory  disease. 

A  study  that  apparently  had  a  significant 
impact  on  the  original  U.S.  air  quality  standard 
for  sulfur  dioxide   (0.03  ppm,  annual  arithmetic 
mean)  was  performed  in  Genoa  by  Petrilli  et  al. 
(1966).     The  frequency  of  respiratory  disease, 
as  measured  by  an  undescribed  slight  modifica- 
tion or  the  British  Medical  Research  Council 
questionnaire,  was  determined  in  seven  districts 
of  Genoa  in  an  indigent  population  receiving 
free  medical  care  and  in  non-smoking  women  over 
60  years  old  who  were  said  to  be  long-time 
residents  of  the  areas.     Sulfur  dioxid^e  was 
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measured  by  a  volumetric  procedure^  which  is 
unfortunately  not  detailed.    Total  dustfallr 
suspended  particles ^  and  sulf ationi rate  (by  the 
lead  peroxide  c'andle  method)  wer^e  also  measured 
in  each  district.     Chronic  bronchitis ^ 
tonsillitis r  rhinitis ^  and  influ^za  tended  to 
be  increased  in  the  polluted  areas r  but  were  not 
as  linearly  related  to  sulfur  dioxide  as  was  the 
bronchitis  rate.     Mean  temperatures  were 
somewhat  lower  in  the  more  polluted  areas,  but 
this  did  not  totally  explain  the  observed  effect 
on  bronchitis. 

There  are  some  points  about  the  data  that 
are  unclear,  including  the  rationale  for 
arithmetically  averaging  the  bronchitis  rates  of 
the  groups  1*-64  years  old  and  65  and  over, 
whether-^ the  data  were  corrected  for  the  ages  of 
the  subjects  examined,  and  whether  there  were 
differences  in  cigarette  consumption. 

One  point  of  interest  in  the  study  of 
Petrilli  et  al.    (1966)   concerns  the  three  least 
polluted  districts,  all  of  which  had  annual 
average  sulfur  dioxide  concentrations  of  0.025 
ppm.     One  of  the  districts,  Molo,  is  reported  as 
having  a  sulfation  rate  of  0.68  mg  of  sulfur 
trioxide  per  100  cm2  per  day;  the  other  two 
districts  both  had  rates  of  only  0.17  mg/100  cm2 
per  day.     Molo  does  not  significantly  differ  in 
suspended  matter,  l:otal  dustfall,  or  mean  winter 
temperature,  and  its  influenza  rate  is 
intermediate  between  those  of  the  other  two 
districts  low  in  sulfur  dioxide.     However,  this 
district,  with  a  fourfold  higher  sulfation  rate, 
had  a  substantially  higher  bronchitis  prevalence 
rate   (6.0  percent  vs.     2.1  percent  and  3.1 
percent)  and  chronic  bronchitis  rate  (9.8 
percent  vs.   2.1  percent  and  2.5  percent)  than 
the  other  two  districts.     This  increase  does  not 
appear  to  be  accounted  for  by  the  somewhat 
greater  number  of  older  people  examined  in  Molo. 

These  findings  could  be  interpreted  as 
indicating  that  other  atmospheric  sulfur  com- 
pounds  (in  addition  to  sulfur  dioxide)  that  were 
measured  by  the  lead  peroxide  candle  method  were 
in  part  responsible  for  the  observed 
differences.     However,  the  earlier  vol^imetric 
sulfur  dioxide  measurement  methods  were  rela- 
tively inaccurate  at  low  concentrations,  and  it 
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is  conceivable  that  these  three  conununities  • 
di££ered  in  sulfur  dioxide  concentration,  with 
the  conversion  factor  obtained  in  the  Nashville 
.study  (Zeidberg  et  al.  1964) r  the  sulfur  dioxide 
concentrations  based  on  the  sulfation  rate  would 
be  close  to  the  0.025  ppm  reported  for  Molo,  but 
would        lower  for  the  other  two  districts. 
This  could  indicate  the  possibility  of  a 
geographically  related  difference  in  respiratory 
morbidity  associated  with  sulfur  dioxide 
concentrations  below  the  current  U.S.  standard. 
In  view  of  the  difficulties  with  the  study^  of 
Petrilli  et  al.^  such  an  interpretation  must  be 
viewed  with  caution. 

The  Nashville  study  described  above  analyzed 
morbidity  in  relation  to  air  pollution.     A  ques- 
tionnaire was  given  to  over  3^000  domiciles;  the 
housewife  was  usually  the  respondent  for  the 
entire  family.     Illness  rates  were  inversely 
correlated  with  socioeconomic  class.     When  the 
middle  class  was  evaluated,  a  direct  relation 
between  all  illnesses  and  pollution,  as  measured 
by  sulfur  dioxide  and  soiling  index,  was 
observed  for  persons  55  years  old  or  older,  but 
not  for  younger  people.     Total  illness  rates  of 
nonworking  females,  who  presumably  spent  more 
time  in  the  aii'  pollution  category  to  which  they 
we^r  assigned  by  area  of  residence,  correlated 
lifter  with  air  pollution  than  did  the  illness 
rates  of  more  mobile  working  women.  Problems 
wi^h  the  study  include  the  broad  definition  of 
the  middle  class,  a  lack  of  relation  of  air 
pollution  to  respiratory  illness,  and  the 
absence  of  information  concerning  cigarettes- 
smoking.    Again,  it  should  be  emphasized  that 
the  Nashville  area  wa6  relatively  unpolluted  at 
the  time  of  study. 

Ishikawa  et  al.    (1969)  evaluated  600  lungs 
'j»btainea  through  autopsy  in  Winnipeg  and  St. 
Louis  in  1960-1966.     On  the  basis  of  emission 
data,  St.  Louis  was  clearly  more  polluted  than 
Winnipeg;  however,  the  autopsy  sets  were 
reasonably  well  .matched  in  terms  of  sex,  age, 
and  race.     Lungs  from  people  with  known 
histories  of  occupational  exposure  were 
excluded.     There  was  a  marked  increase  in 
emphysema  in  St.  Louis  in  all  smoking  categories 
of  males,  but  not  females.     The  authors  report 
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that  cigarette- smoking  and  air  pollution  acted 
synergistically  in  the  production  of  severe 
grades  of  emphysema.     However,  review  of  the 
data  shows  that  the  relative  amounts  of  total 
emphysema  and  mild  and  moderate  grades  of 
emphysema  fit  an  additive  model  more  closely 
than  a  synergistic  model, 

A  series  of  studies  performed  by  Ferris  and 
his  colleagues  (Ferris  and  Anderson  196:^)  have 
evaluated  respiratory  disease  prevalence  in 
Berlin,  New  Hampshire,,  at  different  times  and  in 
comparison  with  another  small  city,  Chilliwack, 
British  Columbia,  ,At  the  time  of  their  original 
study  in  Berlin  in  1961,  the  sulfur  dioxide 
concentrations  were  probably  about  the  current 
standard,  in  that  the  mean  lead  peroxide  candle 
/  sulfation  rate  was  recorded  as  0,731  mg  of 
sulfur  tri oxide  per  100  cmz  per  day.  However, 
the  mean  24-hr  total  suspended  particles  were 
180  ug/m'  or,  as  indicated  by  the  authors, 
perhaps  somewhat  higher.    This  study 
demonstrated  that  cigarette-smoking  and  aging 
were  the  major  determinants  of  chronic 
respiratory  disease  prevalence  and  of  pulmonary 
function.     The  possibility  that  air  pollution 
might  have  some  effect  was  suggested  by  an 
almost  twofold  increase  in  prevalence  in  each 
disease  category  in  nonsmoking  men  resident  in 
the  most  palluted  areas  of  Berlin,  However, 
this  difference  was  not  statistically 
significant  and,  as  pointed  out  by  the  authors, 
the  possible  influences  of  ethnic,  social,  and 
economic  diff-erences  could  not  be  established. 

In  1963,  the  same  investigators   (Fe;rris  and 
Anderson  196U)   performed  a  similar  study, 
although  with  a  slightly  dif^rent  question- 
naire, in  Chllliwapk,  British  Columbia,  a  com- 
munity with  essentf&lly  clean  air,  and  compared 
the  results  with  those  from  Berlin,  Using 
expected  age-specific  prevalence  rates  for 
chronic  bronchitis  and  irreversible  chronic 
obstructifve  lung  disease  calculated  for  both 
populations  combined,  it  was  found  that  nonsmok- 
ing females  in  Chilliwack  had  about  a  6-8  per- 
cent decrease  in  prevalence  of  chronic  respira- 
tory disease.     The  prevalence  rates  for  non- 
smoking men  were  the  same  in  both  communities. 
From  the  Berlin  data,  multiple  regresjsiort  equa- 
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tions  were  calculated  for  forced  expiratory 
volume   (1  sec)   and  peak  expiratory  flow  rate, 
Applying  these  equations  to  the  Chilliwack  data 
revealed  that  in  all  smoking  categories  the 
pulmonary  function  was  about  8  percent  higher 
than  predicted  in  Chilliwack,     Although  these 
findings  are  consistent  with  an  effect  of  air 
pollution,  ethnic  differences  or  subtle 
variations  in  life  style  might  also  explain  the 
results. 

A  further  study  in  Berlin  was  performed  in 
1967   (Ferris  et  al.   1973).     At  that  time,  there 
had  been  a  decrease  in  sulfation  rate  to  0.469 
mg  of  sulfur  trioxide  per  100  cm^  per  day  and  a 
decrease /in  particle  concentration  to  131  ug/m'. 
When  th^ same  subjects  were  reevaluated,  there 
wa^  a  lower  prevalence  of  chronic  nonspecific 
respiratory  disease  and  better  pulmonary 
function  than  expected [after  taking  into  account 
the  effect  of  aging  ana  changes  in  cigarette- 
smoking.     On  the  basisl  of  prediction  equations 
derived  from  the  1967  Berlin  population,  the 
1961  population  had  about  a  5  percent  decrease 
in  forced  vital  capacity  and  peak  expiratory 
flow  rate  in  men  and  a  5  percent  decrease  in 
forced  vital  capacity  in  women,  all  of  which 
were  statistically  significant.     No  difference 
in  forced  expiratory  volume  was  observed.  This 
improvement  in  respiratory  function,  which  is 
consistent  with  a  beneficial  effect  of  air 
pollution  control,  is  not  as  great  as  the 
observed  beneficial  effects  of  cessation  of 
cigarette-smoking  in  the  same  study. 

Stebbings   (1971),  in  a  series  of  studies  of 
chronic  respiratory  disease  in  Hagerstown, 
Maryland,  has  evaluated  the  effects  of  past 
urban  residence  on  the  peak  expiratory  flow  rate 
and  forced  expiratory  volume   (1  sec)    of  over  ^Q0  . 
white  nonsmoking  men  35-64  years  old.     None  of 
these  men  had  lived  in  Hagerstown  dv^ring  the 
preceding  20  years  or  more.     A  positive 
association  of  childhood  urban  residence  with 
peak  expiratory  flow  rate  was  observed,  and  this^ 
effect,  persisted  until  about  the  agS  of  28.  In 
contrast,  those  who  had  lived  for  longer  than 
their  first  28  years  in  an  urban  area  had  a 
relative  decrease  in  peak  exploratory  flow  rate. 
No  consistent  effect  on  forced  expiratory  volume 


was  oboerved.    The  data  were  not  explainable  on 
the  basis  of  socioeconomic  factors,  and  there 
were  too  few  men  with  significant  chronic  ' 
respiratory  disease  to  suggest  that  selective 
migration  was  ^  factor.     The  prevalence  of 
respiratory  symptoms  was  positively  correlated 
with  long-term  urban  residence,  although  the 
nmnbers  were  small,    ^he  author's  tentative 
explanation  for  the  increase  in  peak  expiratory 
flow  rate  observed  in  nonsmokers  who  had  spent 
their  childhood  in  urban  a&reas  is  that  an  urban 
factor,  perhaps  air  pollution,  might  lead  to  a 
compensatory  increase  in  pulmonary  function. 
However,  if  such  an  exposure  continues  long 
enough,  a  decrement  in  function  will  occur.  If, 
in  fact,  childhood  exposure  to  air  pollution  is 
the  factor  that  leads  to  an  increased  peak 
expiratory  flow  rate,  this  would  tend  to 
contradict  the  results  of  a  number  of  shorter- 
term  studies  described  above. 

Intercommunity  differences  in  the  prevalence 
of  respiratory  disease  have  also  been*  assessed 
as  part  of  the  CHESS  program  (Goldberg  et  al. 
1974,  Hayes  et;  al.   1974,  House  et  al.  1974). 
Studies  in  the  Salt  Lake  Basin,  Rocky  Mountain, 
and  New  York  areas  were  based  on  questionnaires 
filled  out  generally  by  the  mothers  of 
schoolchildren  concerning  the  health  of  family 
members.    The  format  of  the  studies  and  the 
pollution  concentrations  of  the  various 
communities  have  already  been  described  in  some 
detail  above.     The  prevalence  rates  of  bron- 
chitis (defined  as  cough  or  phlegm  on  most  days 
for  at  least  3  months  each  year)  were  calculated 
independently  for  smokers,  ex-smokers,  and 
nonsmokers  among  mothers  and  fathers  who  had 
lived  in  the  area  for  2  years  or  more  and  who 
were  not  occupationally  exposed  to  presumed 
respiratory  pathogens.     In  the  Salt  Lake  Basin 
area  (House  et  al.   1974) ,  the  high-pollution 
community  had  the  highest  bronchitis  prevalence 
rates  in  ^11  six  categories  tested,  and  the 
difference  was  statistically  significant.  A 
tendency  toward  an  increased  prevalence  rate  was 
also  noted  in  the  second-most-polluted 
community,  compared  with  the  other  two,  but  this 
was  not  statistically  significant.     The  bron- 
chitis prevalence  rates  were  about  100  percent 


tl 

112 


higher  in  nonsmokero  and  about  40  percent  higher 
in  smokers  in  the  high-pollution  community, 
compared  with  the  other  communities,     in  the 
Rocky  Mountain  study  (Hayes  et  al.  1974),* an  in- 
creased prevalence  of -bronchitis  was  again  noted 
in  the  high-pollution  communities  in  each 
smoking  category.     However,  the  data  were  not  as. 
clearcut,  and  the  differences  were  relatively 
small,  except  for  the  nonsmoking  group  in  which 
the  prevalence  rate  was  greater  by  twofold  to 
threefold  in  the  high-pollution  communities. 
Socioeconomic  factors  may  have  been  a  problem  in 
this  area.     In  the  Rocky  Mountain  and  Salt  Lake 
areas,  studies  of  subjects  who  were 
occupationally  exposed  demonstrated  that  this 
factor  had  a  substantially  greater  effect  on 
bronchitis , prevalence  than  did  air  pollution. 
However,  the  effects  of  cigarette-smoking  were 
even  greater  and  ranged  up  to  10  times  that 
attributed  to  air  pollution. 

studies  in  the  New  York  area  (Goldberg  et 
al.   1974)  again  demonstrated  a  higher  bronchitis 
prevalence  rate  in  the  two  intermediate 
communities  than  in  the  low- pollution  community, 
and  in  general  the  gradient  was  steeper  than 
that  observed  in  the  Salt  Lake  Basin  and  Rocky 
Mountain  areas.     Cigarette-smoking  was  again  the 
major  factor  in  brOpchitis  prevalence  rates. 

Although  these  studies  have  been  criticized 
on  the  grounds  of  anomalous  data  in  each  area 
and  among  the  various  areas  and  on  the  basis  of 
possible  biases  involved  in  self-administered 
questionnaires,  the  studies  taken  together  do 
tend  to  support  an  effect  of  air  pollution  on 
chronic  bronchitis  prevalence  rates. 
addition,  it  should  be  noted  that  the  Projects 
of  these  studies  do  not  represent  a  particularly 
susceptible  population  group.     HoWever,  in  terms 
of  extrapolating  these  data  to  questions 
concerning  the  appropriateness  of  present  air 
quality ^standards,  the  reported  increases  in 
chronic  bronchitis  prevalence  rates  presumably 
reflect  in  part  past  exposure  to  air  pollution, 
and  all  the  high-pollution  communities  in  the 
New  York  study  (Goldberg  et  al.   1974)   had  pre- 
viously been  well  in  excess  of  the  air  quality 
standards.     It  is  hoped  tha^:  these  studies  will 
serve  as  a  baseline  for  the  future  evaluation  of 
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whether^  and  to  what  extent^ ^ present  emission 
controls  have  produced  an  amelioration  of 
chronic  bronchitis  rates. 

An  additional  respiratory  disease  prevalence 
study ^  performed  by  the  CHESS   (Finklea  et  al, 
1974)   group  in  young  military  recruits 
undergoing  exaupnination  in  the  Chicago  induction 
center^  found  only  a  small  and  inconsistent 
relation  of  respiratory  symptoms  with  area  of 
origin^  which^  although  tending  to  be  in  the 
direction  expected  for  an  effect  of  air 
pollution^  was  not  statistically  significant. 

Among  the  studies  that  have  purported  to 
demonstirate  an  association  of  morbidity  with 
sulfur  dioxide  concentrations  below  t\ie  current 
standard  is  the  work  of  Sterling  et  al.  (1969), 
which  studied  hospitalization  rates  and  length 
of  hospital  stay  in  Los  Angeles  from  March  to 
October  1961.     After  day  of  the  week  was  taken 
into  account,  various  pollutants,  including^ 
sulfur  dioxide  and  ozone,  were  found  to 
correlate  with  hospital  admission  for  diseases 
thought  to  be  related  to  air  pollution^ 
Comparison  of  the  one-third  of  the  days  with 
highest  sulfur  dioxide  concentrations  with  the 
one-third  of  the  days  with  lowest  sulfur  dioxide 
concentrations  showed  that  the  former  had  13 
percent  more  admissions  for  infectious  disease, 
10  percent  more  for  bronchities,  and  10  percent 
more  for  acute  upper  respiratory  infections. 
Little  effect  was  observed  on  diseases  not 
believed  to  be  related  to  air  pollution.  A 
slight  positive  correlation  of  sulfur  dioxide 
concentration  with  length 'of  hospital  admission 
for  relevant  diseases  was  also  noted.  Detailed 
air  monitoring  dat^  are  not  reported;  however, 
the  mean  daily  sufur  dioxide  concentrations  for 
the  period  was  about  0.013  ppm,  in  keeping  with 
the  generally  low  concentrations  observed  in 
southern  California.     It  appears  unlikely  that 
sulfur  dioxide  was  the  sole  pollutant 
responsible  for  the  observed  findings,  which,  if 
valid,  presiimably  retiect  the  role  of  sulfur 
dioxide  as  an  indicator  of  specific  meteorologic 
conditions  associated  with  the  buildup  of 
pollutants, 

Gregory   (1970)   evaluated  records  of  sickness 
absence  because  of  bronchities  in  workmen  with 
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chronic  bronchitis  employed  in  an  urban  steel 
factor  for  the  period  1955-1961  in  England. 
With  multiple  regression  analysis,  the  monthly 
bronchitis  incidence  rates  and  prevalence  rates 
were  found  to  correlate  best  with  temperature  (r 
=  0.75) .     Positive  correlations  with  smoke  and 
sulfur  dioxide  were  not  as  great  and  may  have 
been  temperaturerdependent.    Because  the  winter 
of  1957-58  was  noted  to  have  particularly  high 
bronchitis  absence  rates,  this  period  was  chosen 
for  further  study.     When  weekly  averages  were 
computed  for  bronchitis  incidence,  prevalance, 
pollution,  and  meteorologic  factors,  a  slight 
norfsignif icant  correlation  was  noted  among  the 
various  illnesG  ana  environmental  factors  in  the 
same  week.     However,  bronchitis  incidence  was 
significantly  correlated  (r  =  0.48)  with  the 
mean  temperature  (r      0.11)  and  sulfur  dioxide 
concentration  (r      0.34)   of  the  preceding  week. 
In  contrast,  the  bronchi'tis  prevalence  rate  cor- 
related best  with  temperature   (r' 0.41)  and 
only  minimally  with  mean  pollution  " 
concentrations  'of  the  preceding  week.  When 
maximal  weekly  meteorologic  and  pollutant  data 
were  evaluated,  the  only  statistically 
significant  association  was  (between  maximal 
smoke  concentrations  and  the  bronchities 
incidence  rate  of  the  following  week  (r  =  0.50). 
The  author  points  out  that  the  delay  in  the  in- 
creased incidence  of  bronchitis  may  be  due  to 
the  lack  of  work  absence  data  for  Saturdays  and 
Sundays  and  the  tendency  of  workmen  to  finish 
out  the  week  before  going  off  sick.     The  greater 
effect  of  temperature  on  prevalence  rates  may 
reflect  the  reluctance  of  recuperating  people  to 
return  to  work  on  a  colder  day.     From  a  graph  of 
the  data,  it  appears  that  a  lOO-ug/m^  increase 
in  mean  weekly  smoke  concentration  would  be 
associated  with  approximately  a  0.6  percent 
cUosolute  increase  in  the  incidence  of 
bronchities  in  workers  already  identified  as 
having  chronic  bronchitis.     With  respect  to 
extrapolation  of  the  findings,  it  should  be 
emphasized  that  these  workmen  represented  less 
than  10  percent  of  the  total  work  force  and  that 
these  data  are  for  only  one  winter  of  six. 

Another  approach  to  evaluating  the  effects 
of  pollution  on  chronic  respiratory  disease  is 
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to  follow  a  cohort  of  people.     Lawther  and 
colleagues   (19^0)  have  presented  a  series  of 
studies  in  which  br^nchitic  patients  attending 
chest  clinics  have  been  asked  to  fill  out 
diariesi  in  terms  of  whether  they  felt  better, 
the  same,  or  worse  on  any  given  day.     In  their 
original  study,  about  180  London  patients  were 
followed  during  the  winter  of  1955-1956,  and  a 
significant  correlation  of  worsening  of  sym^oms 
with  smoke  and  sulfur  dioxide  was  observed.  An 
increase  in  illness  appeared  to  be  related  to  an 
increase  in  pollution,  rather  than  to  an  ab- 
solute measure  of  pollution.  Meteorologic 
factors  had  relatively  small  and  insignificant 
effects  on  illness  rates.    A  further  study  of 
248  bronchitic  patients  in  the  London  area  in 
the  winter  of  1957-1958  also  showed  a 
correlation  between  pollution  episodes  and 
illness.    AgaiOr  little  relation  to  temperature 
or  humidity  Wcis  observed;  however,  it  was  noted 
that  the  patients  tended  to  become  more 
symptomatic  as  the  winter  progressed.    A  similar 
relation  of  pollution  to  bronchitis  was  observed 
in  the  immobile  populations,  but  not  in 
bronchitics  living  in  tinpolluted  areas. 

A  larger  study  was  performed  in  th^  winter 
of  1959-1960  in  over  1,000  chest-clinic 
patients,  with  a  slightly  modified 
questionnaire.     A  worsening  of  symptoms  was 
observed  each  time  either  smoke  or  sulfur 
dioxide  exceeded  1,000  ug/m^.     The  lowest 
pollutant  concentration  associated  with  any 
definite  decrease  in  well-being  was  about  600 
ug/m^.     At  the  time  of  the  next  4^ large  study  by 
the  same  group,  in  1964-1965,  there  had  been  a 
significant  abatement  in  London  smoke 
concentrations,  with  little  change  in  sulfur 
dioxide.     The  mean  winter  concentrations  of 
smoke  were  342  ug/m^  in  1959-1960  and  129  ug/m3 
in  1964-1965;  those  of  sulfur  dioxide  were  296 
ug/m3  in  1959-1960  and  264  ug/m3  in  1964-1965. 
A  mean  symptom  score  was  calculated  by  assigning 
one,  two,  or  three  points  to  the  subject's  daily 
description  of  whether  he  felt  jD^tter,  the  same, 
or  worse.  '  When  these  were  tabulated  for 
individual  winter  months  and ^correlated  with 
monthly  pollutant  concentrations,  statistically 
significant  associations  were  observed  with  both 
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smoke  and  sulfur  dioxide  for  the  1959-1960 
period.     However^  in  1964-1965,  the  positive 
cSorrelatiOTis  that  were  still  observed  tended  not 
to  be  statistically  significant,     when  pollution 
episodes  for  both  periods  were  evaluated  in 
reference  to  days  with  peak  mean  symptom  scores, 
definite  relationships  were  obseved,  although 
occasionally  these  were  out  of  phase  by  a  day. 
The  minimal  daily  pollution  concentrations 
heading  to  a  significant  response  appeared  to  be 
about  500  ug/m3  for  sulfur  dioxide  in 
conjunction  with  about  250  ug/m3  for  particles. 

The  authors  identified  87  people  who  in 
1964-1965  were  the  most  sensitive  to  changes  in 
the  degree  of  pollution,  and  50  of  these 
presumably  susceptible  peopde  were  restudied  in 
1967-1968,  by  which  time  mfean  winter  smoke 
concentrat;ion  had  decreased  to  68  ug/m'  and  mean 
winter  sulfur  dioxide  cortcentration  was  somewhat 
lower,  at  204  ug/m3.     The  correlations  of  mean 
symptom  scores  for  this  group  of  subjects  in 
1964-1965  wer%  0.39  with  smoke  and  with  sulfur 
dioxide;  in  1967-1968,  the  correlation  with 
smoke  was  0.31,  and  that  with  sulfur  dioxide  was 
0.28.     Although  the  correlations  in  1967-1968 
were  somewhat  lower,  they  were  still 
statistically  significant.     Also  statistically 
significant  was  a  negative  correlation  with 
temperature  in  both  periods,  and,  although  the 
correlations  were  lower  than  those  with  the 
pollutants,  the  data  do  not  appear  to  have  been 
adjusted  for  this  meteorologic  variable.  Of 
great  interest  is  the  finding  that  sulfuric  acid 
concentration  in  1964-1965  had  a  high 
correlation  of  0.51  with  mean  symptom  score;  but 
in  1967-1968,  a  correlation  of  only  0.26. 

The  authors  note  that  their  findings  may 
perhaps  be  best  associated  with  peak  pollutant 
concentrations  ciigiring  the  day,  rather  than 
average  24-hr  concentrations,  nalthough  data  to 
support  this  assertion  are  nqt  presented.  Also 
noted  is  that  daily  pollution  concentrations 
appear  to  have  more  of  an  effect  than  daily 
temperature,  particularly  early  in  the  study, 
when  relatively  severe  pollution  episodes  were 
frequent.     Of  further  interest  is  the  repeated 
observation  that,  as  the  winter  progressed,  the 
patients  appeared  to  be  less  responsive  to 
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Qiiiiilar  pollution  episodes •    The  possibility  of 
individual  adaptation  that  this  suggests  has 
been  discussed  in  some  detail  above, 

Lawther  et  al.    (197a),  have  also  recently 
reported  a  series  of  studies  in  which  pulmonary 
function  in  a  small  group  of  normal  subjects  and 
two  bronchitics  in  the  "^me  hospital  laboratory 
in  London  was  measured  rrequently.     The  results 
were  highly  variable,  and,  although  a 
relationship  with  daily  and  hourly  sulfur 
dioxide  concentrations  was  observed  in  some 
subjects,  the  major  determinant  appeared  to  be 
respiratory  infect ion. 

An  additional  study  that  suggests  that 
pollution  control  measures  in  the  London  area 
have  led  to  a  smaller  association  of  respiratory 
dysfunction  with  air  pollution  was  reproted  by 
Emerson   (1973).     Eighteen  patients  with  various 
degrees  of  chronic  bronchitis  and  asthma  living 
relatively  close  to  an  air  monitoring  station 
were  repetitively  studied  with  a  battery  of 
pulmonary-function  tests  for  up  to  82  weeks, 
beginning  in  November  1969.     Pulmonary  ftinction 
was  correlated  with  a  5-day  average  of  smoke  and 
sulfur  dioxide  concentration^,  including  the  day 
of  testing  and  the  U  preceding  days.  A 
statistically  significant  correlation, 
presumably  negative,  between  sulfur  dioxide 
concentration  and  forced  expiratory  volume  (1 
s^c)  was  observed  in  only  one  patient,  and 
between  sulfur  dioxide  concentration  and  maximal 
expiratory  flow  rate  in  only  two  patients.  In 
no  case  was  a  significant  correlation  with  smoke 
concentration  reported;  however,  more  frequent 
significant  correlations  vith  meterologic 
factors  were  observed.     Mean  concentrations  in 
1969-1970  were'  193  ug/m^  for  sulfur  dioxide  and 
ug/m3  for  smoke;  those  in  1970-1971  were  187 
ug/m3  for  sulfur  dioxide  and  ^1  ug/m3  for  smoke. 
The  rationale  for  the  use  of  a  3-day  average  for 
pollutants  is  not  given,  nor  is  it  eiea55<:o  what 
extent  disability  may  have  kept'  these  patients 
indfiota^v    Fletcher  et  al.    (1968)   ^jave  also 
reported  a  general' de'cline  in  spulrrum  production 
of  bronchitics  in  as^oci^ion  with  a  decrease  in 
London  pollution.     This  was  not  as  great  as  that 
observed  in  patients  who  had  discontinued 
smoking.     More  recently,  Howard   (1974)  noted 
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that  patients  with  obstructive  airway  disease 
studied  in  Sheffield  between  1966-1972  had  l^ss 
respiratpry  dysfunction  trian  a  group,  of  the  same 
age  and  smoking  habits  studied  between  1 960-65 
wh^n  pollution  levels  had  been  higher, 

^:  «  applicability  to  the  United  States  of 
the  recent  relative  inc^bility  of  British 
investigators  to  detect  an  effect  of  air 
pollution,  compared  with  the  past^  appears 
worthy  of  further  comment •     British  pollutidn* 
cdbatement  measures  have  let  to  a  considerable 
reduction  in  concentration^^  of  particles,  with 
relatively  less  change  in  sulfur  dioxide.  In 
contrast,  the  major  effect  of  air  pollution 
control  measures  in  the  'Qnited  States  has  been 
to  decrease  sulfur  dioxide,  rather  thkn 
fel^ticles;     This  raises  the  possibility  that 
re^irable  particles  are  more  of  a  health  hazard 
than  is  sulfur  dioxide.     Although  this  may  be 
true,  it  is  a  somewhat  facile  explanation  and 
definitely  cannot  be  lised^  as  an  argument  against 
the  control  of  sulfur  dioxide.     A  number  of 
differences  between  the  British  experience'  and 
ours  should  be  kept  in  min^di     The  content  of 
particles  in  Ldndon^  differed  greatly  from  that 
usually  observed  irt  American  cities  and  may  have 
played  a  role 'in  the  reported  health  effects. 
This  may  be  particularly  important  with  respect 
to  acid  sulfates;  if  the  datj^  are  available,  a 
comparison  would  be  of  intefesit.  Furthermore, 
it  is  conceivable  that  the  British  have  adapted 
to  their  high  particle  eoncentrations  and  that  " 
further  effects  wijl  not  be  observed  until 
concentrations  have  stabilized  again.  Another 
point  is  that  there  appears  to  have  been  a  much 
smaller  decrease  in  particulate  sulfate  in  U,S, 
urban  areas'^  than'  in  sulfur  Idioxide,  possibly 
because  of  vagarieS'  of  the  pxidation  process 
within  urban  atmospheres,    iHoWever,  the 
reduction  in  sulfur  dioxide  emission  in  the 
cities  might  still  lead  to  a  decrease  in  sulfate 
.in  the  counttyside.     It  is  not  clear  whether  the 
kinetics  in  the  air  of  British  urban  areas  is 
similar. 

Two  studies  in  Chicago  have  evaluated  the 
symptoms  of  patients  with  chronic  respiratory  ^ 
disease  with  refernce  to  daily  environmental 
factors.     Burrows  et  al,    (1968)   uSed  diaries  to 
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study  115  Chicago  area  clinic  patients  for  the 
2-year  period '1963-1964,     Data  on  symptoms^ 
which  were  available  for  about  50  percent  of  the 
days  from  all  pati-entSf  were  compared  with 
various  pollul;.ant  measurements  (excluding 
particles)   obtained  in  the  Chicago  Loop  and  with 
metreorologic  information.     When  a  symptom 
severity  score  was  calculated  from  data  on 
coughy  sputum  production,  and  shortness  of 
breath,  the  correlation  witt'  c^ily  sulfur 
d;Loxide  concentrations  was  a  relatively  high 
0,5.5,     However,  a  better  correlation  with.meaji 
daily  temperature  was  observed   (r  =  0,07), 
Furthej^more,  when  the  data  were  calculated 
solely  for  the  months  of  Deibember^  January,  and 
February,  no  relation  between  symptom  severity 
and- sulfur  dioxide  was  obsered.     In  fact, 
multiple  regression  analysis  revealed  that, 
after  temperature  was  held  constant,  there  was  a 
statistically  significant  negative  partial 
correlation  (r  =  0,20)   between  symptoms  and 
sulfur  dioxide  during  th6  winter  months. 
Introduction  of  lag  periods  of  up  to  5  days  did 
not  result  in  any  significant  correlations  with 
sulfuj:  dioxide.     Selection  of  7  days  when  there 
,was  considerable  variability  in  suspended 
particle  concentration  in  different  areas  of 
Chicago  and  analysis  of  symptom  severity  by  area 
c3f  residence  resulted  in  a  slightly  negative 
correlation  with  pcirticle  concentration.  Mean 
poll.utMt  data  given,  but  apparently  the 

peak  daily  sulfur  dioxide  concentration  was 
around  0,8  ppm,  and  Chicago  undoubtedly  exceeded 
current  U,  S,  air  quality  standards  during  thisl) 
period.     The  data  indicate  that,  for  this  group 
of  patients,  low  temperature  is  the  dominant 
environmental  factor  in  the  severity  of  chronic 
respiratory  disease  during  a  Chicago  winter.  In 
view  of  the  high  positive  correlation  with 
.  sulfur  dioxide  for  the  entire  year,  one  wonders 
whether  an  air  pollution  effect  would  have  been 
observed  in  a  detailed  analysis  during  a  period 
of  milder  weather.     This  possibility  will  be 
discussed  in  more  detail  later. 

Another  study  in  Chicago  used  a  similar 
approach  and  found  a  correlatiqn  of  pollution 
concentrations  on  the  same  or  previous  day  with 
the  morbidity  of  patients  with  chronic 


120 


respiratory  disease  who  were  ^55  years  old  or 
older.     Carnow  (Carnow  et  al.  1969)  evaluated 
over  500  patients  throughout  Chicago  vgiio  were 
part  of  a  bronchopulmonary  disease  registry  with 
a  diary  in  which  was  recorded  dialy  the  presence 
or  absence  of  chest  illness  defined  in  terms  of 
the  patinet's  usual  status.    The  data  were 
subdivided  by  an  age  classification  and  by  the 
degree  of  bronchitis.     The  days  of  acute 
respiratory  illness  were  related  in  each  of 
these  groups  to  sulfur  dioxide  concentrations  by 
area  of  residence  determined  in  a  network  of 
monitoring  stations.     In  patients  with  greater 
degrees  of |bronchitis»  there  appeared  to  be  a 
gradient  of  illness  in  relation  to  daily  sulfur 
dioxide  concentration  that  was  present  for  all 
age  groups  and  was  also  noted  forjl-  or  2-day  t 
lags  of  the  pollution  concentration.     The  effect 
on  acute  illness  was  iftost  marked  in  those  55 
years  old  or  older  a  day  after  exposure.  For 
this  group  the  chest  illness  rates  were  26.5 
percent  a  day  after  a  sulfur  dioxide  con- 
centration of  more  than  0.3  ppm  and  13.6  percent 
a  day  after  a  concentration  of  0.0-0.04  ppm.  In 
those  with  lesser  degrees  of  bronchitis^  no 
effect  was  observed  in  the  older  group,  but 
there  was  a  slight  tendency  toward  a  response  in 
the  younger  gtoup.     A  further  analysis  was 
performed  for  October  to  December  1967,  with 
each  patient  as  his  own  control;  a  comparison 
was  made  of  the  sulfur  dioxide  concentrations  on 
the  days  when  the  patient  reported  illness  or  no 
illness,  or  on  the  previous  days.    Again,  the 
best  correlations  were  with  sulfur  dioxide 
concentrations  on  the  days  preceding  illness  for 
those  with  more  severe  grades  of  bronchitis  who 
were  55  years  old  or  older. 

It  is  of  interest  to  contrast  these  two 
Chicago  area  studies,  which  have  reported 
opposite  resul^ts.     The  analysis  pf  Carnow  et  al. 
(1969)   appears  to  be  more  likely  to  detect  an 
effect  of  air  pollution  on  the  morbidity  of 
patients  with  respiratory  disease,  in  that  the 
population  was  subdivided,  allowii)/^'  detection  of 
a  particularly  susceptible  group,  and  the  sulfur 
dioxide  concentrations  were  evaluated  in 
relation  to  an  extensive  monitoring  network, 
rather  than  an  individual  station.  However, 
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these  advantages  seem  to  be  more  than 
overshadowed  by  the  lack  of  assessment  of  meteo- 
rologic  factors ^  which  were  shown^by  Burrows  et 
al.     (1968)   as  well  as  other  inv^x^tigators^  to 
have  a  significant  effect  on  reopiratory  tract 
morbidity.  ^ 

Another  point  can  be  made  that  is 
speculative y  but  nevertheless  intriguing.  The 
Carnow  et  al.  analysis  was  performed  for 
October-December^  whereas  that  of  Borrows  et  al. 
evaluated  the  colder  months  of  December- 
February.     It  is  possible  that  increases  in 
sulfur  dioxide  in  the  fall  are  associated  with 
more  respiratory  tract  effects  than  similar 
increases  occuring  in  the  winter  or  early 
spring.     This  is  suggested  by  the  sutdies  of 
Lawther  at  al.    (1970)   discussed  earlier  and  by 
the. data  of  Buechley  at  al.    (1972),  in  which  ^ 
sulfur  dioxide  correlated  well  with  New  York 
City  area  mortality  in  the  fall,  bii^  npt  in  the 
winter.     Although  these  are  likely -to  be  random 
observations  of  no  real  significance,  three 
possible  explanations  can  be  suggested:      (1)  An 
overwhelming  effect  of  low  temperature  makes  it 
technically  difficult  to  detect  lesser  effects 
due  to  air  pollution.      (2)     People  with  chronic 
bronchitis  may  spend  more  of  their  time  indoors 
during  the  colder  winter  months  and  therefore  be 
somewhat  protected  from  ambient  pollution.  (3) 
Adaption  to  the  effects  of  sulfur  dioxide  or 
other  ♦pollutants  occurs,  whereby  initial  peaks 
early  in  the  home  heating  season  result  in  more 
of  an  acute  effect  than  do  similar  or  higher 
peaks  l.ater  in  the  winter.     The  possibility  of 
adapation  to  short-term  effects  of  sulfur 
dioxide  has  been  suggested  in  animal  and  human 
controlled  exposure  experiments,  and  relatively 
long-term  adaption  appears  to  occur  in 
occupationally  exposed  people.     Whether  such  an 
effect  occurs  over  a  period  of  months  in  usual 
ambient  conditions  is,  of  course,  unknown.^ 
Furthermore,  adaption  to  the  acute  effects  of  a 
toxic  agent  does  not  necessarily  imply  the 
prevention  of  chroni^  long-term  effects. 

Spicer  and  Kerr   (1966)   evaluated  selected 
groups  of  patients  with  moderate  degrees  of 
obstructive  airway  disease  who  lived  near  an  air 
monitoring  'station  in  Baltimore.     In  their  first 
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study^  airway  resistance  was  measured  in  seven 
patients  5  days/week  for  ia  weeks;  in  their 
second  study ^   ia  patients  were  evaluated  for 
consecutive  days.     In  each  study,  it  was 
observed  that  the  airway  resistance  of  each 
patfent  tended  to  rise  and  fall  together, 
implying  the  existence  of  an  environmental 

^factor,  although  it  was  not  possible  to  separate 
an  individual  pollutant  or  meteorologic 
variable.     During  the  course  of  the  work,  24- hr 
particle  concentrations  were  as  high  as  500 
ug/m3,  and  2-hr  sulfur  dioxide  concentrations 
were  as  high  as  about  0.13  ppm.  However, 
detailed. air  monitoring  data  are  not  given.,  A 
further  serial  study  by  these  authors  (197a)  on 
healthy  students  revealed  little  correlation  of 
respiratory  function  with  air  pollution. 

Winkelstein  and  Kantor  (1969)   evaluated  res- 
piratory symptoms  reported  in  a  questionnaire  of 
white  women  in  the  Buffalo  area  in  1961-1963. 
Unfortunately,  the  questionnaire  had  not  been 
designed  for  the  study  of  respiratory  disease, 
and  there  was  poor  reproducibility  of  results 
when  a  small  subsample  was  retested.     With  the 
same  air  pollution  districts  as  in  the  Erie 
CQunty  study  described  before,   it  was  found  that 
cough  and  phlegm  in  nonsmokers  over  45  years  old 
correlated  with  parotide  concentration,  although 
the  results  were  not  statistically  significant. 
No  gradient  for  sulfur  dioxide  was  observed. 
Some  influence  of  residential  mobility  on  the 
results  for  smokers  was  discerned. 

The  CHESS  program  evaluated  panels  of 
elderly  people  with  and  without  cardiopulmonary 
symptoms  in  the  New  York  area   (Goldberg  et  al. 
1974) .     In  general,  this  was  the  least 
successful  of  the  CHESS  efforts.     Among  the 
problems  were  a  very  low  participation  rate  and 
a  high  dropout  rate  during  the  course  of  the 
study,  which  introduced  frequent  interactions 
with  the  staff  and  a  distinct  possibility  of 

*  bias.     Furthermore,  members  of  the  panel  in  the 
low-pollution  community  were  healthier  than 
those  in  the  higher-pollution  communities, 
although  this  problem  was  avoided  somewhat  by 
using  each  subject  as  his  own  control.  The 
analyzed  data  s*how  an  association  of  morbidity 
with  pollutants.     Suspended  sulfates  appear  to 
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have  the  strongest  effect.     However^  the 
additional  sophisticated  analyses  reported  in 
the  study  appear  unwarranted^  in  view  of  the 
difficulties  described- 

Although  most  of  the  studies  cited  have 
noted  an  association  of  air  pollution  with 
respiratory  disease^  this  is  not  always  the 
case.     In  a  series  of  three  related  studies, 
Comstock  et  al.    (1973)  were  unable  to  detect  an 
effect  of  air  pollution  on  pulmonary  function  or 
respiratory  symptoms  of  American  and  Japanese 
male  telephone  workers.     The  first  and  secondi>^  , 
studies  were  performed  in  1962-1963  and  1967- 
1969  in  four  locations  in  the  United  States: 
Washington,  Baltimore,  Manhattan  (New  York 
City) ,  and  a  rural  part  of  Westchester  County, 
New  York.     The  third  study  was  performed  in 
Japanese  working  in  Tokyo,  but  living  in  areas 
with  differing  pollution  concentrations.  A 
standardized  questionnaire  and  1-sec  forced 
expiratory  volume  were  the  source  of  the  data, 
which  were  analyzed  in  relation  to  cigarette- 
smoking,  place  of  birth,  areas  of  past  and 
present  residence,  and  area  of  workplace.  There 
was  a  clearcut  effect  of  kqe  and  cigarette- 
smoking,  but  no  effect  of  area  consistent  with  a 
response  to  air  pollu-^ion  was  observed,  the 
'American  data  can  be  driticized,  in  that  only 
Manhattan  would  be  expected  to  have  appreciable 
air  pollution  concentrations,  and  the 
cooperation  rates  were  lowest  in  this  gorup, 
which  was  also  teste^  at  t^riods  somewhat  s 
different  from  thos#  of  the  other  areas. 
H^ever,  the  data  largely  support  an  absence  of 
ah'^^ppreciable  response  to  air  pollution  in 
healthy  people  working  in  a  rather  strenuous 
occupation*  /  The  findings  are,  of  bourse,  not 
pertinent  to  more  susceptible  population  groups. 

Another  study  that  failed  to  show  an  effect 
of  air  pollution  is  that  of  Hrubec  et  al. 
(1973)   who  analyzed  over  4,000  pairs  of  male 
twins  '♦l-Sl  years  old  by  means  of  a  mailed  ques- 
tipnnairew     The  air  pollution  data  f or^ the  area 
of  residence  are  not  fully  described,  but  were 
apparently  calculated  from  U.S.  air  monitoring 
and  emission  data,  as  well  as  from  meteorologic 
factors.     These  were  used  to  obtain  estimates  of 
suflur  dioxide,  particles,  and  carbon  monoxide. 
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which  were  then  averaged  together.  Comparison 
of  twin  pairs  revealed  that  cigarette-smoking 
and  alcohol  consumption  were  directly  related  to 
bronchitis  and  prolonged  cough,     A  slight 
relation  with  urban  residence  was  also  present, 
which  had  previously  been  reported  in  a  study  of 
twins  in  Sweden,   (Cederlof  1966) ,  but  there  was 
no  association  with  the  estimates  of  air 
pollution.     The  major  question  concerning  the 
study  of  Hrubec  et  al,  is  the  validity  of  the 
air  monitoring  data,  particularly  in  view  of  the 
use  of  carbon  monoxide  in  the  estimate, 

Briersteker  et  al,    (1969)  were  unable  to 
observe  any  relation  between  time  of  residence 
in  the  polluted  city  of  Rotterdam  and 
respiratory  symptoms  or  pulmonary  function  in  a 
study  of  municipal  employees. 

In  summary,  an  effect  of  suflur  oxides  and 
particles  on  the  prevalence  rate,  morbidity,  and 
mortality  of  chronic  bronchitis  and  emphysema  is 
apparent  and  will  almost  certainly  occur  at 
pollutant  concentrations  only  somewhat  above 
present  d,S,  air  quality  standards. 
Determination  of  the  lower  limits  of  this  effect 
will  require  continued  epidemiologic  study,  with 
measurements  of  sulfuric  acid  and  individual 
particulate  sulfates,  as  well  as  othei?  rapirable 
particles.     This  will  be  greatly  aided  by  animal 
studies  aimed  at  determining  which  of  the  sulfur 
oxides,  alone  or  in  combination,  is  responsbile 
for  health  effects,     it  appears  that  a 
particularly  crucial  subject  for  epidemiologic 
study  is  the  extent  of  mortality  associated  with 
daily  variations  in  sulfur  oxides  and  particles; 
including  evaluation  of  the  suggestion  that 
there  is  no  threshold  for  this  effect,     if  this' 
is,  in  fact,  true,  or  if  a  relatively  high 
fr^action  of  daily  mortality  is  associated  with 
present  pollutant  concentrations,  then  it  is 
likely  that  the  morbidity  data  presented  here 
substantially  underestimate  the  effects  of 
suflur  oxides  and  particles. 


Respiratory  Tract  Infections 

Infections  of  the  respiratory  tract  are 
among  the  most  common  diseases  in  man. 
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accounting  for  a  significant  part  of  total 
morbidity  and  mortality  in  the  general 
population.    Respiratory  tract  infections 
account  for  a  very  high  percentage  of  time  lost 
from  work  or  school^  and  their  economic  impact 
includes  substantial  costs  for  drugs ^  doctors • 
fees^  and  hospitalization. 

These  infections  can  be  conveniently  divided 
by  anatomic  locatiop.     Those  affecting  the  upper 
respiratory  tract  —  which  is  usually  considered 
to  include  the  nose^  mouthy  pharynx^  and  larynx 
—  tend  to  have  less  severe  health  consequences 
to  normal  adults^  particularly  in  this 
antibiotic  era;  however^  they  have  an  enormous 
economic  impact  on  society  as  a  whole.  Those 
affecting  the  lower  respiratory  tract,  including 
bronchitis  and  pneumonia,  generally  have  more 
immediate  and  longer-term  health  consequences. 
Respiratory  tract  infections  may  also  be 
classified  by  e^iologic  agent.     Viral  infections 
are  very  common  and  include  mild  upper 
respiratory  tract  infections  usually  referred' to 
as  colds.     However,  influenza  can  have  severe 
consequences,  particularly  in  the  aged  and  those 
with  preexisting  cadiopulmonary  disease;  and 
viral  pneumonias  do  occur.    Acute  bacterial 
infections  of  the  lower  respiratory  tract  tend 
to  have  more  serious  implications,  particularly 
because  they  may  leave  residual  damage,  which 
acts  as  a  focus  for  recurrent  disease.  Other 
microbiologic  agents  producing  diseases  such  as 
fungi,  Mvcobacteritim  tuberculosis,  and 
Mycoplasma  —  will  not  be  discussed  here, 
because  they  do  not  appear  to  be  related  to  air 
pollution.     It  should  be  stressed  that  the 
division  between  upper  and  lower  reispiratory 
tract  infections  and  between  viral  and  bacterial 
agents  is  somewhat  arbitrary,  particularly 
inasmuch  as  lower  respiratory  bacterial 
infection  is  often  a  sequelae  of  acute  viral 
upper  respiratory  infections. 

Many  of  the  studies  that  have  evaluated  the 
daily  well-being  of  people  with  chronic  respi- 
ratory disease  in  relation  to  pollutant 
concentrations  can  be  considered  to  have 
indirectly  assessed  respiratory  tract 
infections,  in  that  these  play  a  major  role  in 
the  progression  of  chronic  bronchitis.  What 
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would  be  a  minor  respiratory  tract  Infection  to 
an  othervdse  healthy  person  may  have  serious 
consequences  In  someone  with  underlying  lung 
disease.     Such  people  may  also  be  at^more  risk 
of  development  of  pulmonary  disability. 

Most  of  the  evidence  associating  respiratory 
tract  Infections  with,  products  of  stationary 
fossil-fuel  combustion  has  been  obtained  in 
studies  of  children y  which  were  described 
earlier.    To  summarize^  there  is  reasonably  good 
evidence  that  concentrations  of  sulfur  dioxide 
and  particles  above  U.a.  air  quality  standards 
are  associated  with  an  increased  incidence  of 
lower  respiratory  tract  infection^  particularly 
croup  and  bronchitis r  in  children.     The  findings 
have  also  suggested  a  possible  role  for 
atmospheric  suspended  sulfates.     The  association 
with  pneumonia  is  inconsistent  and  probably  not 
real.     In  addition^  there  is  little  evidence 
tljat  upper  respiratory  infections  in  childhood 
are  related  to  sulfur  dioxide  and  particle 
concentrations.     A  variable  association  of 
pullution  with  ear  infections^  which  are  often 
sequelae  of  upper  respiratory  tract  infections 
in  childhood^  has  been  reproted. 

The  following  discussion  will  evaluate 
mainly  respiratory  tract  infections  in  adults 
not  identified  as  having  chronic  lung  disease 
ar\,d  will  also  describe  animal  studies  related  to 
this  topic. 

Fairchild  and  his  colleagues  (1972)   used  a 
mouse  influenza  model  to  study  the  effects  of 
sulfut'  dioxide.     Combined  exposure  to  relatively 
high  concentrations  of  sulfur  dioxide  and  to 
Influenza  virus  was  found  to  produce  a  higher 
incidence  of  pneumonia  at  higher  concentrations 
but  less  pneumonia  at  lower  concentrations  than 
was  observed  in  control  animals. 

In  addition  to  producing  an  increase  in  the 
incidence  of  infection^  it  is  conceivable  that 
pollutants  increase  the  morbidity  of  a 
preexisting  infection ,  perhaps  by  interfering 
with  the  mechanisms  by  which  the  respiratory 
tract  acts  to  contain  andicombat  infectious 
foci.     This  was  studied  in^  mice  exposed  to 
sulfur  dioxide  at  20  ppm  for  a  week  after 
inhaling  an  infective  de^se  of  influenza  virus. 
These  animals  developed  more  evidence  of  » 
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pneumonia  than  mice  that  received  the  oame  viral 
dose  but  were  not  exposed  to  sulfur  dioxide 
(Fairchild  et  al-   1972).     The  results  were 
similar  when  sulfur  dioxide  exposure  (25  ppm) 
preceded  the  viral  infection.     However ,  if  the 
mice  were  exposed  to  sulfur  dioxide  at  2-5  ppm 
for  a  week  after  the  influenza  dose,  a  decrease 
in  the  extent  of  pneumonia  was  observed.  Sulfur 
dioxide  Exposure  did  not  appear  to  affect  the 
growth  kinetics  of  influenza  viru^.     Not  was  it 
clear  whether  the  observed  pneumonia  represented 
viral  infection  of  the  lung  or  a  secondary 
bacterial  process.     These  results  may  perhaps  be 
explained  by  studies  that  indicate  that  lower 
doses  or  shorter  exposures  to  sulfur  dioxide 
tend  to  increase  mucociliary  clearance,  whereas 
higher  doses  or  longer  exposures  inhibi^t 
mucociliary  flow  (Ferin  and  Leach  1973,  Holma 
1967) .     The  authors  also  mention  unpublished 
findings  that  sulfur  dioxide  at  6-20  ppm  results 
— -±ir-4ahibition  of  influenza  viral  growth  in  the 
nasal  cavities  of  mice. 

In  a.nother  study  of  mice,  Giddens  and 
Fairchild  noted  that  inhalation  of  sulfur 
dioxide  at  10  ppm  for  24-72  hr  had  much  greater 
pathologic  effects  on  the  nasal  mucosa  of  mice 
with  mild  upper  respiratory  tract  disease  than 
on  those  of  a  disease-free  group  (Giddens  1972). 
This  could  also  be  interpreted  as  indicating 
potentiation  of  a  respiratory  tract  infection  by 
sulfur  dioxide,  but  the  converse  is  equally 
possible.     The  basic  mechanisms  postulated  for 
either  assumption  are  similar,  in  that  any 
insult  to  the  respiratory  tract  is  liable  to 
interfere  with  the  normal /defense  against  other 
insults. 

Studie^nthat  evaluated  the  effects  of  air 
pollutants  on  the  pulmonary  clearance  of 
bacteria  were  reported  by  Rylander  (1969). 
After  inhalation  of  either  live  or  dead 
Escherichia  coli,  groups  of  guinea  pigs  were 
exposed  to  sulfur  dioxide  at  5-10  ppm,  to 
manganese  dioxide  aerosol  at  5,900  ug/m3  (90 
percent  of  particles  smaller  than  0.5  urn),  or  to 
both  for  3  hr   (Rylander  et  al.  1971). 
Negligible  effects  were  observed  with  either 
manganese  dioxide  or  sulfur  dioxide  alone. 
However,  combined  exposure  led  to  a 
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statistically  oignificant  decrease  in  the 
removal  of  either  the  live  or  dead  bacteria  from 
the  lung,     it  should  be  noted  that  removal  of 
dead  bacteria  presumably  reflects  mucociliary 
clearance,  whereas  removal  of  live  bacteria  also 
measures  lung  bacteriacidal  capability.     Also  of 
interest  in  this  study  is  that  manganese  dioxide 
is  relatively  insoluble^  and  earlier  studies  by 
Amdur  and  Underbill  had  failed  to  show  a 
synergistic  effect  of  sulfur  dioxide  and 
manganese  dioxide  on  guinea  pig  bronchocons- 
triction  (Amdur  and  underbill  1968).     Ry lander 
et^  al.  suggest  that  the  combination  of  these  two 
agents  produces  a  decrease  in  pH  that  accounts 
for  the  biologic  effects.     However,  previous 
studies  by  Tylander  had  similarly  demonstrated  a 
synergistic  effect  of  suflur  dioxide  and  coal 
dust  in  this  same  system,  and  it  is  not  clear 
whether  this  could  be  due  to  pH  (Rylander  1970, 
1969).     It  is' of  interest  that  viral  infections 
have  been  shown  to  retard  the  clearance  of  dust 
particles;  this  suggests  that  infectious  disease 
might  potentiate  an.  effect  of  atmospheric 
particles  on  lung  clearance,  leading  in  a  sen^e 
to  a  viciouq  circle  (Creasis  et  al.  1973). 

Battigelli  et  al.   (1969)  were  unable  to 
demonstrate  any  effect  of  sulfur  dioxide  in  - 
combination  with  graphite  dust  on  the  bacterial  - 
microflora  of  rats.     Animals  we;re  exposed  to 
graphite  dust  at  1,000  ug/m^  or  to  graphite  dust 
and  sulfur  dioxide  at-4-  ppm  for  12  hr/day  for  4 
months  and  compared  with  nonexposed  controls. 
Bacterial  samples  form  the  nasal  turbinates,  the 
main  stem  bronchi,  and  the  lungs  at  weekly 
intervals  revealed  no  significant  differences 
among  the  three  groups. 

A  number  of  studied  have  also  suggested  that 
prolonged  exposure  to  sulfur  dioxide  results  in 
an  alteration  of  imolunologic  response  (Ardelean 
et  al.   1966,  Zarkower  1972,  Zavrotskii  1959). 
Antibody  formation  and  cellular  immunity  play  a 
role  in  preventing  lung  infection,  so  any 
decrement  in  these  i;esponses  would  presumably 
potentiate  a  deleterious  response  to 
microorganisms.     A  study  by  Goldring  (1967)  in 
which  hamsters  were  repetitively  exposed  to 
sulfur  dioxide  at  650  ppm  showed  no  additive 
effect  of  influenza  virus.     There  was,  in  fact^ 
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some  evidence  that  this  concentration  of  sulfur 
dioxide  may  have  killed  the  virus,     A  recent 
sudy  by  Zarkower  has  evaluated  a  number  of 
characteristics  of  immune  response  in  mice 
exposed  to  sulfur  dixide  at  2,0  ppm,  to  carbon 
particles  at  558  ug/m^   (particle  diamter , 
2,2  urn),  or  to  both  for  up  to  200  days  (Zarkower 
1972) •     Variable  responses,  depending  on  the 
duration  of  exposure,  were  observed;  but,  by  the 
end  of  the  experimental • period,  the  animals 
exposed  to  sulfur  dioxide  or  carbon  alone  had  a 
reduction  in  serum  hemagglutination  titers  to 
killed  Escherichia  coli  administered  as  an 
aerosol.     Combined  exposure  to  sulfur  dioxide 
and  carbon  produced  less  than  an  additive 
response.     In  contrast,  there  was  an  enhancement 
of  the  number  of  antibody- forming  cells  in  the 
mediastinal  lymph  nodes  with  either  carbon  or 
sulfur  dioxide  after  135  days  of  exposure  that 
was  no  longer  observed  after  192  days  of 
exposure.     Mice  exposed  to  both  agents  had  a 
synergistic  increase  in  mediastinal  lymph  node 
antibody  production  after  135  days  that  was 
still  present  after  192  days.     The  major 
implication  of  these  findings  is  that  long 
exposure  to  relatively  low  concentrations  of 
sulfur  dioxide  Produces  a  lateration  in  the 
immune  system  of  the  mouse.     As  pointed  out  by 
the  author,  the  mechanism  of  this  effect  is 
puzzling.     Further  studies  are  indicated  before 
these  results  can  be  extrapolated  to  humans 
breathing  ambient  polluted  air,  particularly 
because  infectious  disease  has  not  been  noted  as 
a  problem  in  humans  occupationally  exposed  to 
the  sulfur  dioxide  concentrations  studied  or  to 
higher  concentrations.  ^ 

An  interesting  in  vitro  study  that  has 
apparently  not  been  folowed  up  is  that  of 
Lawther  et  al.    (1969).     They  noted  that  aqueous 
extracts  of  particles  collected  from  London  air 
had  a  stimulatory  effect  on  the  growth  of 
Haemophilus  influenzae,  a  bacteria  that  has  been 
implicated  in  the  progression  of  chronic 
bronchitis  and  often  recovered  from  the  sputum 
'    of  chronic  bronchitis  patients. 

Many  of  the  epidemioloaic  studies  of  the 
association  of  respiratory ^ tract  illness  with 
air  pollution  have  evaluated  illness  absences 
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^r^^^^^f^!  populations  of  workers.     Angel  et 
al.  atudied  the  weekly  attack  rate  and 
In  Tlln^  °^/^'^Pi^ftory  illness  in  men  working 
in  a  post  office  savings  bank  and  an  engineerina 

air  monitoring  station  (Angel  et  al.   1965)  ?he 
group  consisted  of  85  men /representing  about 
one-fourth  of  the  work  population,  who  were 
oFfreani''  selected  to  some  extent  on  the  basis 
of  frequency  of  chest  illness.     Thev  were  seen 
by  a  physician  at  least  once  ^veryl  wieks  Irom 
October  1962  to  May  1963.     The  atLck  rate  of 

wi^rwp^^f^"''°''^  ^^^'^^^^  associated  equally 

with  weekly  means  smoke  and  sulfur  dioxide 

nS??.1i?''T^^2''-     '^^^'^  standardization  for  " 
pollutant  effects,  no  correlation  with 

iaa^?onn^^n"K^  Observed.     The  prevalence  rate 
was  found  to  be  more  strongly  associated  with 
Qmoke  than  with  either  sulfu^  dioxide  or 
temperature.     These  results  are  somewhat 
different  from  those  reported  by  Gregory  for 

S°p2ttrd/?f above,.  °^^i3^mS^  Jfdue 
in  part  to  differences  in  the  extent  of 

f^tTll^''^  illness,  although  it  is  not  clear 
from  the  data  of  Angel  et  al.    (1965)  whether 
their  population  group  contained  subjects  with 
chronic  bronchitis. 

iiinfoo^V^  Taylor  assessed  tfie  incidence  of 
illness  absences  of  women  working  in 
manufacturing  plants  of  a  large  U  s  cornn,-a*-i 

an5X"r"^96'?)"'  ''''   (Kha";'; 96?:^^^^°^^ 

f^t  ttl     .   11^^'  annual  monitoring  data 

^re  J^an  loS  ^^^^^  had  plants  with 

more  than  900  women  workers  were  correlated  wi*-h 
respiratory  illness  absences  lasting  mo?e  than  7 
consecutive  days.     There  was  a  fivefold 
difference  in  the  incidence  of  respiratory 

iie'^lewesfr??''  ""^^  factories  with  the  most  and 
tne  fewest  illnesses.     A  remarkably  hiqh 

S^rih^^°''  ^  -  observed 

with  the  mean  a/inual  suspended  particulate 

eight  plants  was  consistent  in  each  of  the  3 
years  atudied.     Furthermore,  in  the  year  of  a 
^f3^f  influenza  epidemic,  the  areas  with  higher 
particulate  sulfate  concentrations  had  grea?er 
increases  in  respiratory  illness  absenci  rSS 
The  four  areas  with  the  highest  illness  absenc4 
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rateo  had  mean  annual  ouopended  sulfate 
concentrations  of  13,2-19,8  ug/m^.  •  of  the  four 
lowest  areas,  sulfate  data  were  available  for 
only  one   (7«^  ug/^n')  ,  but  sulfate  concentrations 
were  estimated  to  be  very  low  in  another •  The 
communities  with  the  two  highest  respiratory 
illness  absence  rates  had  tne  two  highest 
concentrations  of  total  suspended  particles   (17  3 
and  188  ug/«i3)  i  however,  the  gradient  for  this 
pollutant  was  otherwise  unrelated  to  respiratory 
illness.     Some  tendency  toward  a-^  association  of 
airbone  copper,  nickel,  and  vanadium  was  also 
observed.     When  the  data  were  evaluated  for 
types  of  respiratory  disease,  an  association 
with  suspended  sulfates  was  observed  for 
influenza  and  bronchitis,  but  not  for  pneumonia. 
These  findings  did  not  appear  to  be  related  to 
interplant  differences  in  age,  weather, 
crowding,  occupational  exposures,  or  the  number 
of  children  at  home.     As  pointed  out  by  Dohan, 
the  observed  effect  may  have  been  due  to  a  pro- 
longation of  the  duration  of  respiratory  tract 
illness  to  8  days,  rather  than  to  an  increase  in 
the  incidence  of  disease..    One  problem  with  the 
study  is  that  mean  annual  sulfate  concentrations 
were  based  on  only  21-25  determinations  in  four 
of  the  five  areas  for  which  these  data  are 
available.     Nevertheless,  the  observed 
correlation  is  remarkably  high  for  a  study  of 
this  sort  and  strongly  suggests  an  effect  of 
suspended  sulfates. 

Ipsen  et  al.    (1969)   evaluated  the 
relationship  between  industrial  absences,  air 
pollution,  and  meteorologic  factory  in  plants  in 
Philadelphia  and  Camden,  New  Jersey,  in  1960- 
1963.     Total  suspended  particles,  particulate 
sulfate,  and  soiling  index  were  measured*, 
Morbidity,  defihed  as  incidence  and  prevalence 
of  respiratory  disease,  was  associated  with 
weather  factors  and  with  pollutants.     Of  the 
pollutants  measured,  the  immediate  correlation 
with  suspended  sulfates  was  the  strongest. 
However,  this  almost  disappeared  when  partial 
correlation  coefficients  were  calculated  in 
which  each  variable  was  adjusted  for  the  others. 
This  analysis  demonstrated  that  weather  had  the 
major  effect  on  respiratory  morbidity,  although 
there  was  a  significant  positive  correaltion  of 


132 


'an  additive  index  of  three  pollutants  with 

the  prevalSVice  of  respif atpry  disease  on  the 
same  day  ofr,  a  week  later.     The  actual  monitoring 
data  are  not  pre^ent^d  and  presirinably  are  rather 
limited^  with  respect  to  the  n>imber  of  sites 
availanle.     The  place,  of  residence  of  the  '  j//^ 

workers  is  also  not  taken  into  consid^ratiqai. 

Verma  et  al .  studied  r.espiratory  and  pon-; 
respiratory  illness  absence  data  for  1965-1967  * 
on  white-collar  workers^   16-64  years  old  and 
employed  at  a  New  York  City  insurance  company 
(Verma. et  al.   1969).     Respiratory  disease 
absence  rates  per  1,000  employees  per  day  were 
caXculated,  and  the  data  were  expressed  as\ 
deviations  ^rom  the  average  respiratory  direase 
absence  rate  in  relation  to  daily  air  pollutiba 
concentrations.     On  days  when  the  temperature 
waslj^n  the  16-50  range,  there  were  4.50  more-^" 
respiratory  disease  absences  per  1,000  employees 
than  average  when  the  24-hr  sulfur  dioxide 
concentration  was  0.25  ppm  or  oreater  and  0.65. 
more  per  1,000  employees  when  tnje  concentration 
was  less  than  0.25  ppm;     Again,  with  sulfur 
dioxide  at  0.25  ppm  as  the  dividing  line, 
smaller  differences  in  the  respiratory  disease 
'  absence  rates  were  observed  at  higher 
temperatures.     When  the  data  were  calculated  for 
smoke  shade,  with  1.6  COHS  as  the  dividing  line, 
the  gradient  was  not  as  -steep  in  the  temperture 
ranges  of   16-50  F  and  77-103  F,  but  was  greater 
than  that  for  sulfur  dioxide  in  the  temperature 
range  of  5^^16  F.     No  consistent  effect  of 
carbon  monoxide  was  observed,  and  nonrespiratory 
illnesses  did  not  correalte  well  with  pollution. 

Further  analysis  revealed  a  close 
association  of  respiratory  illness  with 
pollution  and -meteorologic  factors  for  lag  * 
petdods  as  long  as  7  days.     The  data  were 
strongly  influenc^ed  ^by  seasonal  cycles, 
removal  of  time  trends  giftatly  decreased  the 
positive  relationship  between  respiratory 
disease  illness  absences  and  pollution.  A' 
linear  air  pollution  model  was  found  to  accoimfe^ 
for*  about  20  percent  of  the  observed  .variabilit^r 
An  ilLne.ss  absence  rates.     The  authors  conclude 
that,  although  no  causal  relation  can  be. 
inferred,  there  is  an  association  between  air 
pollution, . meteorologlc  variables,  and 
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respiratory* Illness  absences  from  one  period  to 
the  next.     1%  should  be  noted  that  New  York  City 
at  present  rarely  exceeds  a  2<*-hr  sulfiir  dioxide 
concentration  of  0.25  ppm,  and  it  is  not  clear 
from  this  paper  whether  an  effect  oiight  be 
obsexvdd  at  lower  sulfur  dioxide  concentrations. 
A  similar  study  in  the  New  York  area  with  more 
extensive  air  monitoring  data  would  be  valuable. 

A  number  of  studies  have  usSd  cough  to 
assess  the  effects  of  air  pollution.  Coughing 
iSr' of  course^  a  nonspecific  respiratory  tract 
response.     However^  in  the  absence  of  chronic 
respiratory  disease  or  an  obvious  atmospheric 
irritant^  cough  is  usiially  ascribed  to  acute 
respiratory  infections.  ^ 

Loudon  et  al.   (1969)   assessed  prescription 
rates  for  ex^pt  narcotic  anti cough  medicines  in 
relation  to  environmental  factors  in  Dallas.  A 
negative  correlation  with  temperature,  but. 
little  (if  any)   effect  of  air  pollution  was 
observed.     Monitoring  data  are"  not  given. 

^    McCarroll  et  al.    (1967),  as  part  of  a  series 
of  Extensive  studies  of  a  New  York  City 
population  living  close  to  a  monitoring -station, 
asses&ed  cougho and  eye  irritation,  but  a 
^laistinct  difference  was  noted  when  lag  periods 
^*Wfere  studied.     The  pollutant  effect  on  eye 
irritation  represented  by  puflur  dioxide 
concentration  was  almost  immediate,  whereas  the 
maximal  effect  on  cough  occurred, 1  or  2  days 
later.     Particles  were  not  consistently  related 
to  eye  irritation,  but  were  correlated  to  some 
extent  with  cough.     There  is  some  periodicity  of 
the  data  that  is  not  explained.     The  air 
monitoring  data  ar,e  not  described,  and 
meteorologic  conditions  were  apparently  not 
examined. 

The'  same  group  of  investigators  also  noted 
some  correlation  of  respiatory  tract  illnesses 
'With  air  pollution  episodes.     Of  interest  was  an 
analysis  of  their  data  that  attempted  to  define 
a  subpopulation  of  persons  who  were  particularly 
sensitve  to  environmental  conditions  and  could 
therefore  be  used  as  moYiitors   (Lefcowitz  et  al. 
1972).    A  specific  subset  of  people  were 
identified  who  appeared  to  develop  a  higher 
incidence  of  upper  respirat6ry  tract  infection 
when  subjected  to  meteorologic  extremes  or  high 
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pollution  concentrations.     An  additional 
analysis  of  this  group  focused  on  the  complex 
interactions  of  weather  and  pollutiorj.  * 
regard  to  symtoms ' (Cassell  et  al^   1969) •  An 
increased  incidence  of  upper  respiratory 
infection  was  also  observed  in  four  New  Vork 
,  City  old-ag^e  homes  during  a  1962  pollution 
episode  in  which  there  was  no  apparent:  effect  on 
mortality  or  hospital  admit  visits  for  upper 
respiratory  infection  or  asthma   (Greenburg  et 
al,    1963) • 

Prospective  ^.studies  of  respiratory  tract 
illness  in  the  general  community  have, also  been 
performed  as  part  of  the  CHESS  studies  in  New 
York  and  Chicago   (Finklea  et  al,   1974,  Love  et 
^1*  These  have  already  been  described. 

'In  b<>tMK:eas^         increased  incidence  .of  lower 
respiratory  tr^ct  infection  was  obseved  in 
mothers  airtd  fathers  living  in  the  more  polluted 
communities.     In  Chicago,  'there  was  a  slight 
tendency  toward  an  association  of  upper 
respiratory  tract  infection  with  pollution,  but 
the  opposite  was  observed  in  New  YorJc-     In  all 
commtoities^  ^thers  had  higher  illness  rates 
than  fathers  ;^fehis  probably  represents  a  bias 
due  to  the  mothers'   filling  out  the 
questionnaire.     The  data  were  interpreted  by  the 
authors  as  indicating  that  air  pollution- in  the 
two  New  York  City  communities  might  be 
responsible  for  5  extra  days  of  restricted 
activity  and  one  extra  physician  visit  a  year 
for  an  average  family  of  four.     The  findings 
must  be  interpreted  cautiously,  particularly  in 
view  of  some  inconsistencies  in  the  dJlta,  the 
possible  effects  of  extraneous  variables  (such 
as  indoor  pollution)  ,  ajid  the  rather  low 
qiaestionnaire  response  rates.     However,  by  and 

'large,  these  studies  support  the  conclusions 
discussed  below. 

The  data  cited  indicate  relatively  clearly 
an  effect  of  products  of  stationary  fossil-fuel 
combustion  on  the  incidence  of  lower  respiratory 
tract  infections   (not  including  pneumonia) •  The 
evidence  does  not  support  an  association  of 
these  pollutants  w;Lth  upper  respiratory  tract 
infection,   e^xcept  perhaps  in  a  particularly 
susceptible  population,     A  no-effect 
concentration  has  not  been  established  and  may 
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be  belpw  the  pollution  concentrations  associated 
with  the  present  air  quality  standards  for 
sulfur  dioxide  and  particles.     However^  the  no- 
effect  concentration  appears  more  likely  to  be 
at  or  somewhat  above  the  t^resent  standards,  h 
role  of  suspended  particulates  in  the  production 
of  lower  respiratory  tract  illness  is  strongly 
suggested^  but  not  proved.     This  association 
with  suspended  sulfates  clearly  Reserves  further 
evaluation^  which  may  result  in  the 
establishment'  of  ar>  air  quality  standard  more  . 
direc^^y  related  to  protecting  the  public  , 
again^!Lpollut ant- induced  lower  respiratory 
tract  inaction.  ^ 


Lung  Cancer 

There  is  no  substantial  evidence  that 
directly  implicates  sulfur  oxides  in  the^ 
causation  of  liihg  cancer.     However,  some 
observations  indirectly  suggest  .a  relationship 
and  clearly  indicate  that  more  study  of  this 
subject  is  required. 

In  vitro  studies  have  indicated  that  sulfur 
dioxide  can  r:e^ct  with  the  deoxyribonucleic  acid 
(DNA)   cytosine,  a  component  of  chromosomes, 
which  carry  genetic  inf ormati^on.  Incubat±on->of 
cytosine  with  bisulfite,  a  hydrated  form  of 
sulfur  dioxide,  ^results  in  the  formation  of  the 
unstable  intermediate  dihydroqytosine-6-sul" 
fonate,  whl/ch  deaminates  to  form  uracil  (Hayatsif 
et  al.   1970,  1970,  Shapiro  et  al.   1970).  The 
conversion  of  cytosine  to  uracil  after  incuba- 
tion with  bisulfite  has  been  observed  in  viral 
and  bacterial  DNA,  yeast  ribonucleic  acid   (RNA) , 
and  synthetic  nucleic  acid  polymers.  , 
Theoretically,  a  modification  of  nucleic  acid 
constitutents  in  a  molecule  containing  genetic 
information  is  potentially  mutagenic.  An 
increased  frequency  of  reversion  of  transition 
mutants  of  Escherichia  coli  consistent  with 
mutagenesis  has  been  observed  by  MujS^i  et  al. 
(1970)  ,  and  t^wo  scientific  groups  have  observed 
bisulfite  mutagenesis  in  bacteriophage  (Summers 
and  Drake  1971,  Hayatsu  and  Miura  1970). 
However,  it  should  be  noted  that  optimal  con- 
version of  cytosine  to  uracil  occurs  at  a  pH  of 
5.5,  with  little  or  no  reaction  at  the  usual 
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body  pH  of  7,4.    Ml  three  studies  of  bisulfite  . 
microorganism  mutagenesis  detected  results  at 
low  pH;  in  tbe  study  of  tAikai  at  al.    (1970),  no 
effect  was  observed  in  the  physiologic  pH  range. 
^  infVitro  study  in  which  phytohemagglutinin- 
stimulated  human  lymphocyte  cultures  were 
bubbled  with  100  ml  of  sulfur  dioxide  at  5.7  ppm 
demonstrated  chromosomal  abnormalities,  as  well 
as  a  decrease  in  DNA  synthesis  and  mitosis 
(Schneider  and  Clakins  1970) .  Chromosomal 
abnormalities  have  h^Bn  observed  in  pollen 
exposed  to  less  than  0.1  ppm  sulfur  dioxide  (ma 
et  al.  A  lethal  effect  of  sulfur  di^oxide 

(25  ppm)   on  tissue-culture  cell  lines  has  also 
been  reported.     Of  interest  in  this  study  is 
that  sulfite  salts  were  more  toxic  to  cell 
cultures  thai)  were  equivalent  concentrations  of 
sulfate   (Thompson  and  Pace  1962).  An 
alternative  mechanism  of  sulf ite-induced  damage 
to  DNA  might  occur  in  which  free  radicals, 
developed  during  sulfite  orfidation  at 
physiologic  pH,  alter  nucleic  acid  constituents 
in  a  manner  presumably  similar  to  that  of 
radiation.     Again,  there  is  no  evidence  that  any 
of  these  reactions  occur  in  vivo  after 
inhalation  of  sulfur  oxides. 

The  epidemiologic  evidence  suggesting  an 
association  of  sulfur  oxides  with  cancer  is  at 
best  indirect.     For  the  most  part,   it  is  based 
.on  the  generally  observed  higher  iung  cancer 
incidence  in  urban  than  in  rural  areas,  which 
appears  to  be  unrelated  to  cigarette-smoking. 
This  urban  effect  is  still  open  "to  question,  as 
is  its  relation  to  sulfur  oxides.     Stocks  (1960) 
and  Burn  and  Pemberton   (196,3)   have  found 
positive  correlations  of  smoke  pollution  and 
lung  cancer.     However,  AgHley  (19^)  reported 
slight  negative  correlations  of  both  smoke  and 
sulfur  dioxide  with  lung  cancer,  despite  high 
positive  correlations  of  these  two  pollutants 
with  bronchitis  mortality  in  residential  areas 
of  Great  Britain.     if  there  is  an  urban  effect 
and  it  is  related  to  air  pollution,  aromatic 
hydrocarbons  are  more  J.ikely  to  be  causcitive 
pollutants   (Carnow  ahd  Meier  1973,  Stocks  1960). 
Higgi'ns   (1974).  has  noted  a  <iecrease  in  the  trend 
of  lung  cancer  in  Britain  in  recent  years  that 
cannot  be  totally  accounted  for  by  changes  in 
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cigarette-smoking  and  that  appe^^?Sto  follow  the 
decrease  in  particulate  air  poll^tVon,  Studies 
in  Nashville   (Hagstrom  and  Sprag^ue  t^67)   and  in 
Erie  county.  New  York   (Winkelstein  and  Kantor 
1969) ,  which  evaluated  the  relation  of  cancer 
rates  within  the  same  urban  area  to  different 
degrees  of  air  pollution,  have  found  some 
association  of  sulfur  dioxide  or  total  suspended 
particles  with  some  nonpulmonary  tumors^  but 
none  with  cancer  of  the  lung^  which  would  be  the 
presumed  site  of  action  of  inhaled  sulfur  oxide 
irritants, 

Lee  and  Fraumeni  demonstrated  a  greatly 
increased  risk  of  lung  cancer  in  smelter  workers 
exposed  to  arsenic  in  the  presence  of  relatively 
high  concentrations  pf  sulfur  dioxide  (Lee  and 
Fraumeni  1969) .     A  smaller  lung  cancer  gradient 
for  sulfur  dioxide  exposure  was  observed,  and  it 
was  technically  difficult  to  separate  the 
effects  of  these  two  agents.     Although  an 
independent  role  of  sulfur  dioxide  is  possible^ 
the  data  are  probably  best  interpretable  as 
representing  a  promoting  action  by  sulfur 
dioxide  on  arsenic  carcinogenesis,  perhaps 
analoguous  to  the  findings  of  Laskin  et  al- 
(1970)   discussed  below. 

Some  of  the  most  impressive  evidence 
consistent  with  the  possibility  that  sulfur 
oxides  are  at  least  partly  responsible  for  an 
increased  incidence  of  urban  lung  cancer  has 
been  obtained  in  animal  studies.     Peacock  and 
Spence   (1967)   exposed  a  strain  of  mice  that  has 
a  high  incidence  of  spontaneous  pulmonary 
adenoma  to  sulfur  dioxide  at  500  ppm  for  5 
hr/day^   for  300  or  more  days.     An  increase  in 
adenomas  and  what  is  described  as  carcinoma  was 
noted  in  the  sulfur  dioxide-exposed  group.  In 
the  ongoing  sutd4.es  of  Laskin  et  al.  (1970), 
animals  have  b^en  exposed  individually,  simulta- 
neously^ and  sequentially^ to  benzopyrene^  and 
aromatic  hydrocarbon  air  pollutant,  and  to  . 
sulfur  dioxide   (3.5  ppm) .     Lung  squamous  cell 
carcinomas  have  been  found  in  the' groups 
inhaling  both  benzopyrene  and  sulfur  dioxide. 
Although  benzopyrene  is  a  highly  potent 
carcinogen  in  many  systems^  lung  cancer  had  pre- 
viously been  observed  only  after  tracheal 
instillation  of  this  agent,  and  not  during 
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inhalation.     These  interesting  findings  must  be 
interpreted  with  caution^  especially  because 
high  pollutant  concentrations  were  used  in  the 
initial  study.     In  addition,  it  is  not  clear 
whether  the  findings  represent  an  independent 
carcinogenic  effect  of  sulfur  dioxide  in 
addition  to  benzopyrene  or  a  potentiation  of 
benzopyrene  carcinogenesis  by  an  otherwise 
unrelated  consequence  of  sulfur  dioxide 
exposure.     Recent  preliminary  studies  by  this 
group  appear  to  indicate  that  combined  exposure 
to  nitrogen  dioxide  and  benzopyrene  also  results 
in  lung  carcinogenesis.     If  this  is  confirmed, 
it  would  tend  to  support  the  hypothesis  that 
sulfur  dioxide  promotes  benzopyrene 
carcinogenesis  through  its  action  as  a 
nospecific  irritant.     However,  whatever 
biomedical  mechanisms  are  involved,  further 
animal  inhalation  studies  with  lower  pollutant 
concentrations  are  definitely  warranted. 

Despite  the  biochemical  and  animal 
inhalation  studies  cited,  there  appears  to  be 
insufficient  epidemiologic  evidence  to  assign  a 
definite  risk  to  the  possibility  that  ambient 
sulfur  oxides  are  a  factor  in  the  production  of 
human  lung  cancer. 


There  have  been  a  number  of  attempts  to 
quantify  the  damage  caused  by  air  pollutants. 
To  do  so,  it  is  necessary  to  assign  some 
numerical  value  to  the  expected  health  effects 
in  relation  to  given  degrees  of  air  pollution. 
In  the  preceding  sections  of  this  review,  where 
permitted  by  the  data,  quantitative  estimates  of 
morbidity  and  mortality  in  association  with  air 
pollution  have  been  "cited  from  individual 
papers.     It  wouldlbe  possible  to  graph  these 
estimates  and  analyze  them  statistically  to 
arrive  at  some  quantitative  estimate  of  the 
amount  of  morbidity  and  mortality  associated 
with  measured  concentrations  of  individual 
pollutants.     However,  such  an  exercise  would  be 
grossly  misleading  and  would  undoubtedly  lead  to 
erroneous  conclusions.     Each  of  the  studies 
cited  earlier  must  be  considered  in  relation  to 
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the  population  at  risk,  the  nature  of  the 
'   measured  and  unmeasured  pollutants  present,  and 
the  rlmitations  in  the  gathering  and  analysis  of 
data. 

Furthermore,  it  stould  be  clearly  understood 
that  the  assessment  of  dollar  costs  related  to 
air  pollution  health  effects  is  a  numbers  game. 
hs  in  any  game,  there  are  some  basic  rules  tha^ 
must  be  accepted..    The  major  rule  in  this  game 
is  that  illness  can  he  fully  quantified  in  terms 
of  dollars.     That  this  premise  is  unacceptable 
and  perhaps  unethical  must  be  kept  in  oiind 
during  any  discussion  of  this  topic. 

A  major  problem  in  any  quantitative  approach 
to  air  pollution  health  effects  is  in  defining  a 
completely  safe  level  of  exposure;  so-called 
threshold  or  no-effect  levels.  The  difficulties 
with  this  concept  have  been  ably  discussed  by 
different  authors  in  the  recent  National  Academy 
♦   of  Sciences  report  on  "Air  Quality  and 

Automobile  Emission  Control"   (NAS  197U) .  The 
last  paragraph  of  the  statement  prepared  by 
Palmes,  fojr  the  NAS-NRC  Committee  on  Sulfur 
Oxides  is  as  follows:  ? 

It  should  be  recognized  at  the  outset  that 
there  is  no  value  other  than  zero  that  will 
carry  with  it  assurance  of  obsolute  safety,  or 
zero  risk.     There  are,  however,  finite 
•concentrations  that,  in  the  light  of  present 
understanding,  would  reasonably  be  expected  to 
produce  a  very  small  risk  of  adverse  effects. 
These  adverse  effects  can  range  from  minor  and 
transient  irritation ' to  serious  chronic 
diseases,  such  as  emphysema.     Depending  on  the 
benefits  of  the • process (es)   that  introduces  the 
contaminant  into  the  environment,  this  ri^k 
could  be  judged  acceptable  Qr  unacceptable. 
Obviously,  as  the  toxicologic  data  base  is ^ 
increased,  the  calculated  risk  should  be  changed 
accordingly.     Thus,  a  given  concentration  of  a 
specific  material  could  be  acceptable  at  one 
time  and  not  acceptable  later.     Similarly,  the* 
benefits  would  necessarily  be  reevaluated  as  the 
technology  changes.     In  summary,  the 
acceptability  of  a  degree  of  contamination  would 
depend  on  the  risk-benefit  appraisal  at  a 
particular  time. 


An  interGQting  introduction  to  the  n 
methodorogy  for  quantifying  air  pollution  costs 
is  given  in  a  symposium  edited  by  Wolozin 
C1966)^     In  general y  the  participants  point  out 
the  dif f i-culties  in  applying  economic  approaches 
to  this  field  and  apperar  rather  dubious  about 
obtaining  reasonably  accurate  estimates-  Ridker 
(1967)',  however,  has  described  a  number  of 
methods  to  evaluate  air  pollution  costs-  He 
estimated  the  cost  of  air  pollution  in  1958  at 
$360-400  million  of  the  total  $2  billion  cost  of 
respiratory  disease.     The  figure  of  18-20 
percent  of  pollution  costs  -due  to  air  pollution 
is  derived  from  studies  of  urban-rural 
differences  in  respiratory  and  lung  cancer 
mortality  rates. 

A  thorough -analysis  of  pbllijtion  costs  due 
to  disease  is  presented  by  Lave  and  Sesking 
(1970).     They  derive  t^eir  estimate  of ^the 
impact  of  air  pollution  on  various  diseases  by 
extrapolation  form  the  literature  and  by 
extensive  analysis  of  th^  urban  factor  in 
disease-     Multiple  regtession  analysis ^ is  used 
for  such  factors  as  population  density ,  race,^ 
sex,  and  socioeconomic  and  age  variables,  as 
well  as  air  pollution.     They  conclude  that  a  50 
percent  reduction  in  urban  air  pollution  would 
account  fc^r  25-50  percent  of  the  e^j^cess^  lirban 
mortality  and  morbidity  from  bronchitis,  25 
percent  of  lung  cancers,  25  percent  of 
respiratory  disease,   10  percent  of 
cardiovascular  morbidity  and  mortality,  and  1'5 
percent  of  cancer  in  general.     On  the^basis  QJ^ 
these  figures,  a  total  savings  of  $2.08  billion 
in  health  costs  would  be  assbciated  with  a  ^ 
reduction  in  air  pollution  by  50  percent-  This 
reduction  would  bring  more  polluted  cities  into 
the  category  of  urban  areas  with  relatively 
clean  airo     They  further  estimate  that  such  an 
abatement  would  lead  to  a  4-5  percent  reduction 
in  the  economic  costs  associated  with  all 
morbidity  and  mortality- 

Wad<iell   (1973)   has  reevaluated  these  data  to 
assess  the  amount  of  money  to  be  saved  if  the 
reduction  in  air  pollution  reached  1970 
standcirds  and  has  derived  a  figure  of  $3.73 
billion  in  1970-     He  also  discusses  an  EPA 
analysis  in  progress  that  used,  data  from  the 


CHESS  studieQ  to  derive  an  estimate  of  the 
health  costa  of  Qulfur  oxides  and  particles  of 
$0.9-3.2  billion.     Barrett  and  Waddell  (1973) 
also  reevaluated  th^  Lave  and  Sesking  data  to 
take  V into  account  indirect  costs  not  included  in 
the  original  analysis;  by  using  the  figure  of 
<*.5  percent  of  total  health  costs  due  to  air 
pollution,  they  arrive  at  a  figure  of  $4.3 
billion. 

Many  of  the  m<\j:e  recent  studies  of  air 
pollution  health  costs  have  used  Lave  cind 
Seskin's  data   (1970)   as  the  baseline  for  further 
analysis  and  have  generally  derived  much  higher 
figures,  ranging  up  to^$l5  billioor  although 
this  is  due  partially  to  inflation.     Some  of 
these  studies  hav&  been  reviewed  by  Waddell 
(1973),  Babcock  and  Nagda  (1973),  and  Williams 
and  Justus   (197a).     The  later  authors  are  highly 
critical  of  other  studies  of  this  subject  and  in 
their  own  analysis  report  the  figure  of  $62«'311 
million  as  the  yearly  cost  of  air  pollution  to 
health.     Their  major  objections  to  the  higher 
figures  are  that  these  are  based  on 
overestimates  of  the  contribution  of  air 
pollution  to  urban  respiratory  disease  and  that 
there  has  been  a  misinterpretation  of  the  Lave 
and  Seskin  data  to  which  the  additional  costs 
have  been  added.     The  first  point  is  discussed 
below  and  seems  to  con£;tit;^te  a  valid  objection. 
The  second  point  appears  to  be  partly  correct, 
in  that  Lave  and  Seskin  were  evaluating  the 
major  part  of  the  urban  air  pollution  effect  and 
that  analyses  that  have  restricted  the  Lave  and 
Seskin  data  to  sulfur  oxides  and  particles  and 
then  added  costs  for  other  pollutants  have 
therefore  been  counting  effects  twice.  However, 
although  the  analysis  of  the ^air  pollutant 
contribution  to  urban  disease  by  Lave  and  Seskin 
probably  did  incl'ude  the  effects  of  nitrogen 
oxides,  it  did  not  consider  problems  usually 
associated  with  carbon  monoxide.     The  criticism 
by  Williams  and  Justus  (1974),  concerning  the 
doubling  of  Lave  and  Seskin's  estimate  of  S2.08 
-  billion  to  derive  a  figure  for  the  .^o4al  costs 
of  air  pollution  is  probably  inaccurate,  in  that 
other  invetigators  appera  to  be  u^ing  the  $4.3 
billion  estimate  of  Barrett  and  Waddell  (1973). 
In  addition,  the  Williams  and  Justus  analysis 
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prob^yp.ly  is  in  error,  in  that  they  assert  that 
cigarette-smokitHg  and  air  pollution  have 
synergistic  effects;   that  is  contrary  to  most 
studies^  which  show  an  additive  relation. 

In  an  interesting  report  by  Chapman  et  al, 
n970)^  projected  emission  data  are  used  to 
estimate  the  excess  adverse  affects  to  be 
expected  if  standards  are  not  met  'n  t|ie  future. 
A  preliminary  assessment  of  the  same  areas  has 
also  been  presented  by  the  Brookhaven  National 
Laboratory    (Hamilton,  Ed.   1974)..  Recently, 
Jaksch  and  Stoevener   (1974)   reported  a  study  of 
outpatient  medical  costs  in  relation  to  air 
pollution  in  Portland,  Oregon,  in  which  it  was 
estimated  that  an  increase  in  total  sXispended 
particles  from  60  ug/m^  to  80  ug/m^  would  result 
in  a  3.5  percent  increase  in  outpatient  medical 
costs  per  contact  with  the  medical  system  for 
respiratory  disease.  ^ 
The  Ford  Energy  Policy  Project  has  also  ! 
evaluated  the  health  costs  of  stationary  fossil- 
fuel  combustion,  but  its  model  is  concerned 
mostly  with  factors  not  related  to  community  air 
pollution.     However,  a  panel  of  the  American 
Public  Health  Association   (APHA)  e&timated 
health  effects  associated  with  energy  use  as 
part  of  the  input  into  the  Ford  Energy  Policy 
E>roject.     The  original  APHA  document  developed  a 
model  to  determine  numerically  the  adverse 
health  c©nsequences  expected  from  a  partial 
conversion  of  energy  souces  from  oj.1  to  coal. 
The  authors  strongly  biased  their  results  by 
selecting  from  among  the  most  apparent  examples 
of  air  pollution  health  effects  in  the 
literature  and  then  overinterpreted  the  specific 
findings.     This  resulted  in  an  extrafiolation 
that  indicated  that  the  partial  conversion  of 
energy  sources  from  oil  to  coal  would  result  in 
severe  health  effects  to  a  large  population. 
Following  a  review  process,  the  document  was 
revised,  and  the  results  were  restricted  to  more 
limited  circumstances  with  less  of  an  impact 
(Carnow  et  al.    1974) .     Unfortunately,  the 
original  unpublished  extrapolations  were 
included  in  a  press  release  from  the  American 
Public  Health  Association  ivhlch  was  v/idely 
reported  and  i*=?  still  being  quoted. 
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The  above  discussion  does  not  include  non- 
disease  costs  of  air  pollution.     These  are 
considered  in  some  detail  in  a  number  of  the^ 
references.     Some  of  these  costs  are  more  or 
less  quantif iable,  including  effects  on 
agriculture damage  to  materials ^  and  loss  in 
property  values.     Others ,  such  as  aesthetic 
effects  and  annoyance,  cannot  readily  be 
expressed  in  numbers.     Even  the  quantifiable 
effects  may  have  hidden  values  not  easily  put 
into  dollar  terms.     For  inat^^nce,  the  monetary 
costs  of  covering  up  the  r»l*y  deteriorating 
marble  facade  of  New  York«^(§#ty  hall  is  a 
matter  of  record. .     But  one  cahnot  place  a 
number  on  the  resulting  cost  to  the  eye  of  the 
casual  stroller. 

It  must  be  emphasized  that  it  is 
inappropriate  merely  to  balance  the  health 
dollar  costs  with  the  price  of  air  pollution 
control.     There  is  an  increment  above  the 
economic  costs  that  each  person  would  be  willing 
to  pay  to  avoid  b^ing  ill.     Obviously,  this 
increment  will  vary  with  the  degree  of  guffering 
or  life-shortening  involved,  the  absolute  dollar 
costs,  and  financial  circumstances  of  the 
individual.  ^  Most,  people,  for  ^cunple,  would  be 
willing  to  pay  25  cents  if  they  could  somehow 
magically  avoid  a  painful  out  for  wHich  the  sole 
economic  cost  is  1  cent  in  bandages.     Few  would 
be  willing  or  able  to  pay  $25,000  to  avoid  an 
appendectomy  costing  $1,000. 

Although  it  woijid  seem  reasonable  to 
approach  a  cost-b^ef\t  analysis  by  dividing  the 
air  pollution  control  costs  on  a  per  capita 
basis,  this  may  not  be  appropriate  for  the 
benefits.     That  is  because  of  the  marked 
variability  in  individual  response  to  pollution 
and  because  most  members  of  the  population  do 
not  now  know  whether  they  belong  to  a 
hypersusceptible  group  that  will  in  the  future 
be  severely  affected  by  pollution.     A  more  valid 
econoniic  approach  might  be  to  inquire  whether 
the  per  capita  air  pollution  control  cost  is  a 
reasonable  price  for  each  individual  to  pay  as  a 
form  of  insurance  against  the  possibility  of 
being  significantly  and  adversely  affected  by 
the  absence  of  air  pollution  control. 


The'  following  eatimation  of  the  health  costs 
of  sulfur  oxideo  is  presented  with  great  reluc- 
tance duo  to  reservations  concerning  its 
validity  and  usefulness.    The  analysis  is 
restricted  to  the  effects  of«^ulfur  oxides  that 
appear  to  be  reasonably  justified  on  the  basis 
of  the  foregoing  review  and  is  related  to 
estimated  health  effects  within  a  reasonable 
range  of  present  pollution  condi.tions.     *nie  goal 
is  to  provide  judgment  estimates  of  possible  use 
to  economists  interested  in  costing  out  the 
health  effects  of  sulfur  oxides.  The 
inexactitude  of  both  the  health  effects  and  the 
ecAnomic  data  appears  to  justify  the  use  of 
round  numbers  and  broad  estimates,     within  these 
contraints^  the  bias  will  be  to  overestimate  the 
effects- of  sulfur  oxides,  and  the  figures  c^n  be 
considered  as  upper  limits  based  orj  available 
information. 

The  most  apparent  effect  of  sulfur  oxide  air 
pollutants  is  on  increasing  the  morbidity  and 
mortality  associated  with  chronic  respiratory 
disease,  partiqularly  chronic  bronchitis  and 
emphysema.     One  appr(|>ach  to  assessing  th$  dollar 
costs  for  this  effecn  is  to  estimate  the 
fraction  due  to  air  pollution  nationwide. 
Review  of  the  literature  reveals  that,  in  ad- 
dition to  air  pollution,  there  are  a  number  of 
factors  associated  with  the  prevalence  of 
chronic  respiratory  disease,  including 
cigarette-smoking,  occupational  exposure, 
constitutional  characteristics,  and  the  vicis- 
situdes of  aging.     Meteorologic  factors, 
particularly  low  temperature,  play  an  improtant 
role  in  acute  exacerbations  of  disease  and  in 
mortality.     Cigarette-smoking  is  undoubtedly  the 
major  factor  in  causation  of  disease,  so  it 
would  be  useful  to  compare  its  effects  with 
those  of  air  pollulyi^.     This  can  probably  best 
be  done  by  use  of  theVCHESS  studies   (EPA  1974) , 
which  have  carefully  and  consistently  looked  at 
this  problem  in  a  numbeA  of  communities,  and 
which  are  unlikely  to  l^ve  underestimated  the 
effects  of  air  pollution.     In  the  CHESS  sunmiary 
(Finklea  et  al.   197«»)  ,  it  is  stated  that  the 
relative  contribution  of  air  pollution  to 
chronic  bronchitis  prevalence  is  one-third  to 
one-seventh  as  strong  as  that  of  ci«arette- 
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smoking^  except:  for  males  in  New  York  Cityr  in 
whom  the  contribution  of  air  pollution  was 
slightly  larger  than  that  of  smoking.     This  is 
due  to  the  remarkably  high  prevalence  of 
bronchi tig  in  nonsmokers  in  New  York,  ranging  up 
to  5  times  as  high  as  that  observed  for  males  in 
other  polluted  CHESS  communities.     As  pointed  » 
out  by  the  CHESS  investigators,  this  is  "a 
finding  difficult  to  accept  in  the  light  of 
other  evidence."  Furthermore,  the  relative 
effect  of  air  pollution  was  only  one-eleventh 
that  of  cigarette-smoking  in'tfce  Chicago 
oiilitary  recruit  study.     The  data  of  Lamber  and 
Reid   (1970),  obtained  during  beriods  of  very 
high  pollution  in  Great  BritafnTalso  suggest 
that  air  pollution-^SHfe  at  most  one-third  of  the 
effect  of  cigarettes. 

Accordingly,  it  seems  that  a  reasonable 
estimate  is  that  air  pollution  is  responsible 
for  at  most  one^f ourth  of  the  effect  of 
cigarette-smoking  on  bronchitis  prevalence,  and 
presumably  eventual  bronchities  mortality,  among 
^ose  who  both  smoke  and  live  in  urban  areas. 
However,  assuming  that  20  percent  of  chironic 
respiratory  disease  is  due  to  air  pollution 
nationwide  is  inappropriate,  in  that  not 
everyone  is  a  cigarette-smoker  and  some. fraction 
of  the  problem  is  related  to  constitutional 
factors  and  occupational  exposure.     Ah  even 
greater  dilution  will  occur  when  a  factor  is 
added  for  the  fraction  of-  the  population  exposed 
to  significant  concentration^}  of  products  of 
stationary  fossil-fuel  combustion.  In^0ddition, 
some  degree  of  chronic  bronchitis  prevalence  and 
mortality  may  be  related  to  nitrogen  oxides, 
wi\^ch  are  only .  partially  derived  from  this 
source.     Thus,  it  seems  reasonable  to  assign  no 
more  than  10  percent  of  chronic  bronchitis 
prevalence  in  the  general  population  to  the 
effects  of  sulfur  oxides. 

Alternatively,  if  one  accepts  the  figure  of 
70  percent  as  the  amount  that  cigarette-smoking 
contributes  to  chronic  respiratory  disease,  a 
figure  of  10  percent  for  sulfur  oxides  appears 
reasonable  after  the  effects  of  occupational 
exposure,  constitutional  factors,  etc.,  are  ^ 
considered. 
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With  respect  to  acute  morbidity  occuring 
during  the  course  of  chronic  respiratory 
disease,  two  major  factors  are  the  community 
incidence  of  upper  respiratory  infections  and 
temperature  variation^.     After  consideration  of 
the  dilution  factors  mentioned  above  and  the 
epidemioiogic  observations  of  this  problem  in 
relation  to  current  air  pollution,  it  again 
appears  reasonable  to  attribute  to  sulfur  oxides 
no  more  than  10  percent  of  the  acute  morbidity 
in  patients  with  chronic  respiratory  disease. 

The  effect  of  air  pollution  on  acute 
respiratory  infection  is  difficult  to  estimate. 
There  is  little  evidence  of  any  outstanding 
effect  of  sulfur  oxides  on  the  incidence  of 
upper  respiratory  infections.     However,  in  view 
of  some  findings  that  suggest^ such  an  effect, 
particularly  in  susceptible  populations,  it 
seems  appropriate  to  set  a  figure  of  1  percent 
for  the  effect  of  sulfur  oxides  nationwide. 
There  i§  much  better  evidence  of  an  association 
with  lower  respiratory  tract  infections.  One 
apprpach  to  assessing  the  ecpnomic  costs  is  to 
use  the  figures  provided  in  the  CHESS  New  York 
City  (Love  et  al-   197U)   study,  wjhich  showed  a 
substantial  effect  of  "pollution  on  lower 
respiratory  tract  infections.     It  was  estimated 
that  the  average  family  of  four  would  expect  to 
have  5  extra  days  of  restricted  activity  and  one 
extra  physician  vi^t  per  year  due  to  air 
pollution.     Because  no  work  time  is  lost  by 
children^  not  all  fathers  and  mothers  are 
employed,  and  people  do  not  work  every  day,  the 
activity-restricting  effect  could  be  roughly 
translated  into  1-2  working  days  lost  per  year 


CHESS  Study  is  replicated,  these  figur^  should 
be  viewed -with  caution.  -* 

Estimates  of  the  effects  of  sulfur  oxides 
and, particles  on  asthma  attack  rate  have  also 
been  provided  by  the  CHESS  document.  Specific 
risks  appear  to  increase  by  10-50  percent  on 
days  with  increased  pollution  and  in  conjunction 
with  specific  meteorologic  factors.     Making  a 
rough  attempt  to  account  for  days  when  the  air 
is  clean  or  the  climate  is  not  conducive  again 
suggests  that  a  reasonable  estimate  from  the 
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data  might  be  a  10» percent  yearly  Increase  In 
attack  rate  In  polluted  areas ^  or  perhaps  5 
percent  nationwide.  . 

AG  discussed  eari^ier;  there  is  insufficient 
evidence  that  sulfur  oxides  participate  in  the 
causation  of  lung  cancer  or  other  cancers  to 
assign  any  risk  to  this  problem. 

separate  estimation  of  mortality  due  to  air 
pollution  is  difficult  inasmuch  as  tbia  is  due 
mainly  to  chronic  respiratory  disease^  which  has 
already  been  considered.     However^  one  can  use 
the  Buechley  data   (Buechley  et  al.   1973)   for  the 
New  York  area^  whicfi'  indicate  that  2  percent  of 
deaths  in  1962-1966  were  associated  with  sulfur 
dioxide  and  particles  and  then  arbitrarily 
extrapolate  from  the  number  of  deaths  for 
chronic  pulmonary  disease  at  that  time  to  assess 
the  total  nonrespiratory  deaths. 

A  factor  for  increased  morbidity  in  patients 
with  cardiopulmonary  disease  should  also  be 
used.     However^  the  bulk  of  the  effects  in 
chronic  bronchitis  has  already  been  considered. 
The  effects  of  air  pollution  in  patients  with 
cardiac  disease  can  be  roughly  estimated  from 
the  CH^SS  (Goldberg  et  al.   1974)   study  as  being 
in  the  range  of  10-30  percent  reporting  more 
symptoms.    The  extrapolation  of  this  figure  to 
medical  care  costs  is  difficult. 

A  number,  of  points  deserve  emphasis.  The 
estimated  health  costs  given  above  are  based  on 
the  assumption  that  the  major  question  concerns 
the*  benefits  of  air  pollution  control  measures 
in  addition  to  those  already  in  use.  The 
figures  are  not  applicable'  to  discussion  of  the 
relaxation  of  currently  operative  controls. 
Although  no  firm  dose-response  curves  can  be 
given^  it  is  clear  that-  an  increase  in  sulfur 
oxides  above  thk  present  concentrations  would 
produce  more  adverse  health  effects  than  would 
be  prevented  by  a  decrease  in  pollutant  concen- 
trations of  an  equivalent  amount.     A  possible 
source  of  underestimation  of  the  health  costs  is 
the  imprecision  of  current  pollutant  monitors.  ; 
It  is  conceivable  that  improved  quantification 
of  sulfuric  acid  or  a  particular  respirable 
sulfate  would  result^  in  the  observation  of  a 
much  greater  association  of  sulfur  oxides  wjith 
health  effects  than  is  now  evident. 
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In  reoponse  to  the  request  of  the  U.S. 
Senate  committee  on  Public  Works,  a  panel  of  the 
National  Academy  of  Sciences  (HA^)  is 
endeavoring  to  delineate  the. effects  of  various 
control  strategies  ^on  atmospheric  sulfate 
concentrations  in  relation  to  their  monetary 
costs.     To  quantify  the  potential  benefits  of 
air  pollution  control  measures,  it  would  be 
extremely  useful  to  have  available  dose-response 
curves  indicating  the  extent  of  adverse  health 
effects  produced  by  aiven  concentrations  of  a 
specific  pollutant^  j  On  the  basis  of  the  CHESS 
studies,  the  EPA  has  estimated  dose-response 
curves  for  suspended^  sulfates.    As  pointed  out 
by  the  CHESS  investigators, ^their  data  represent 
first  approximations  that  require  further 
replication.    The  dose- response  curves  provided 
by  CHESS  may  have  underestimated  the  true 
effects  by  a  factor  of  2  or  overestimated  them 
by  a  factor  of  10.     This  judgment  is  provided 
solely  In  the •interest  of  suggesting  a  framework 
for  the  NAS  analysis  of  the  impact  of  various 
control  strategies  and  in  recognition  of  the 
urgency  of  making  decisiolis  concerning  these 
strategies. 

It  must  be  kept  in  mind  tliat  suspended 
sulfates  are  merely  an  inditdtor  of  the  health 
effects  of  sulfur  oxides.    Although,  ^  the 
basis  of  the  scienti^c  literature,^  it  is 
reasonable  to  assume  t^at.. suspended  sulfates  ^e 
a  better  indicator  of  sulfur  oxide  toxicity  than 
is  sulfur  dioxide,  there  is  clearly  a  difference 
in  relative  potency  between  various  forms  of 
sulfate,  and  tKere  is  little  likelihood  that  one 
oxide  of  suJ^ur  is  solely  responsible  for  the 
observed  health  effects  of  all  oxides  of  sulfur. 
The  use  of  suspended  sulfates  as  the  basis  for 
an  analysis  of  control  strategies  has  the 
advantage  of  indicating  the  importance  of  the 
atmospheric  oxidation  of  sulfur  dioxide. 
However,  because  the  relative  potencies  of  the 
various  sulfur  oxides  in  polluted  air  have  not 
been  ascertained,  it  might  be  preferable  to 
relate  health  effects  to  units  of  sulfur  emitted 
into  the  atmosphere.     Furthermore,  in  view  of 
the  uncertainties  and  possibly  inappropriateness 
of  presenting  human  suffering  in  terms  of  dollar 
costs,  a  numerical  estimation  of  illnesses  might 
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be  a  more  relevant  basis  for  quantifying 
atmospheric  sulfur  emission. 
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CHAPTER  5 
ECOLOGICAL  EFFECTS 


V 


INTRODUCTION  ^ 

ThGrG  is  an  GXtGnoiVG  literaturG  on  ecolo- 
gical off Gets  of  sulfur  oxides,  and  a  numbGr  of 
rGviev/s  havG  bGGif  published   (HeggGStad  and  H^ck 
1971,  Brandt  and  Heck  1968,  Wood  1968,  Webster 
1967,  Smith  1974,  Naegele  1973;  Rennie  and 
HalotGad  1973,  USDHEW  1969,   Hindawi  1970, 
Halstead  and  Rennie  1973,  Delisle  and  Schmidt  s 
1973,  Stokinger  and  Coffin  1968,  Hobbs  et  al. 
1974),   including  som^  preliminary  attempts  to 
assess  economic  losses    (kennie  and  Halstead 
1973,  Waddell  1974,  USDA  1965,   Benedict  et  al. 
1971).     In  the  limited  time  available,  no  attempt 
has  been  madG  to  repeat  these  viev;s.     ThG  pri- 
mary purposG  of  this  survGy  is  to  assGSs  v;hich 
of  thG  various  reported  Gffects  is  likely  to  be 
sufficiGntly  important  to  influence  the  choice 
of  a  strategy  for  emission  control. 

The  procedure  for  decision  analysis  out- 
lined in  Figure  1  of  Chapter  13  includes  the 
specification  of  models  for  ecological  damage 
and  ecological  costs  associated  v;ith  various 
levels  and  patterns  of  occurence  of  sulfur  oxides. 
The  purpose  of  these  models  is  to  estimate  the 
marginal  costs  imposed  through  ecological  effects 
by  additional  emissions  of  sulfur  oxides.  Al- 
though Chapter  13  suggests  that* such  estimates 
should  be  made  separately  for  each  pov;er  plant, 
this  survey  v;ill  consider  only  the  two  extreme 
cases:     nationwide  adoption  of  either   (a)  an 
emissions  control  strategy ,  or   (b)   ^  dispersal 
^  strategy    (burning  high  sulfur  fuel  in  rural 
areas  and  using  tall  stacks  and/or  intermittent 
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control  to  mcGt  ambiGnt  SO2  air  quality  stan- 
darda) •     Under  the  GmioQionQ  control  strategy, 
it  io  aaouiUGd  that  ambient  levclo  of  SO2  v/ould 
not  increaoG  on  the  average,  and  would  probably 
continue  to  decreaGO  in  urban  arean.     Under  the 
dioperoal  otrategy,  the  analyoio  in  Chaptero  6 
and  7  suggeots  that  there  v/ould  be  a  omall  gen- 
eral increaoe  in  ambient  SO2  levels  in  Orban 
areao,   a  oubotantial  increaoo  in  ambient  SO2 
levels  in  rural  areas , *  and  a  larger  (40-175 
percent)   increase  in  the  acidity  of  precipita- 
tion. 

To  place  the  problem  in  economic  perspoc- 
tivG,   the  dispersal  strategy  v/ould  result  in  an  ^ 
increase  in  af\nual  emissions  of  about  20  10^ 
pounds  of  sulfur    (19  10^  tons  SOx)    in  the  U.S., 
according  to  Table  V  in  Chapter  6.  Accordingly, 
an  effect  v;hich  leads  to  environmental  costs  of 
about  $200  million  per  year  v/ould  correspond  to 
an  average  incremental  coot  of  1  cent  per  pound 
of  sulfur  emitted.     Since  other  effects  (e.g. 
those  on  human  health  and  materials)   are  thought 
to  involve  costa  substantially  larger  than  1 
cent  per  pound  of  sulfur  emitted    (Chapter  13) , 
the  only  tangible  ecological  effects  that  merit 
detailed  consideration  are  those  that  involve 
nationv;idG  economic  costs  of  at  least  this 
amount.**     To  anticipate  the  results  of  this 
survey,  none  of  the  knov;n  tangible  effects  v;ould 
involve  costs  of  more  than  a  fov;  cents  per  pound 
of  sulfur.     Hov;ever,   some  v;eight  should' be  given 

*It  is  as.sumed  that  a  v;ell-conducted  dispersal 
strategy  v;ould  relieve  the  damage  nov;  being 
caused  by  existing  lov;-level  point  sources,  but 
v;ould  lead  to  a  general  , increase  in  ambient  con- 
centrations,  roughly  in  proportion  to  the  in- 
crease in  emissions    (i.e.  by  about  65  percent 
according  to  Table  V  in  Chapter  6) . 
**This  statement  is  not  intended  to  deny  the 
importance  of  intangible  effects,   such  as  effects 
on  aesthetics,   recreational  opportunities,  or 
unique  natural  assets;     such  effects  need  to  be 
iveighed  together  v;ith  tangible  costs  and  benefits. 
Nor  is  it  intended  to  deny  the  importance  of 
local  damage  around  individual  point  sources , 
v;hich  may  justify  specific  local  me^asures  to 
limit  emissions  or  to  provide  compensation. 
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•  to  certain  hypothetical  effects  which  would  im- 
pose significantly  larger  costs  if  they  actually 
'  occur.. 

-  Tl-.ere  are  five  major  obstaclGo  to  assessing 
the  ecological  costs  of  a  change  in  sulfur  oxide 
emissions:  ^ 

{a)     Most  investigations  and  reviews  have 
been  concerned  exclusively  with  airect  effects 
of  sulfur  dioxide   (Heggestad  and  Heck  1971, 
Brandt  and  Heck  1968,  Wood  1968,  Webster  1967, 
Smith  1974,  Naegele  1973,  Rennie  and  Halstead 
1973,  USDHEW  1969,   Hindawi,   1970);     effects  of 
acid  rain  have  received  attention  only  very  re- 
'    cently   (Bplin  et  al .   1971,  Likens  and  Hermann 
1974),  and  there  is  extremely  little  information 
on  effects  of  suspended  particulate  sulfates, 

(b)  Most  experimental  studies  'of  effects  -  s 
of  S02  on  plants  have  investigated  only  acute 
effects  at  relatively  high  exposures;  effects 

on  growth  and  productivity  at  lower  exposure 
levels  have  been  reported  but  have  not  been 
fully  investigated   (Heggestad  and  Heck  1971, 
Brandt  and  Heck  1968,  VJood  1968,  Webster  1967, 
"   Smith  1974,  Naegele  1973,  Rennie  and  Halstead 
1973,  USDHEW  196  9) . 

(c)  Other  sublethal  effects  of  air  pollu- 
tants oif^  plants  included  enhancement  of  nutrient 
stresses,   increased  susceptibility  to  insect 
attack  or  disease,  and  effects  on  soil  micro- 
organisms;    some  experts  consider  that  these  are 
potentially  much  more  important  than  acute  in- 
jury  (Smith  1974) .  "  ' 

(d)  Synergistic  effects  of  SO2  and  ozone 
on  various  plants  have  been  observed  and  may 
occur  at  pollutant  concentrations  well-  below 

^leve^.s  that  are  of  •concern  for  human  health 
(Tingley  et  al.   1973,  Menser  and  Heggestad  1966). 

(e)  Sublethal  effects,   such  as  reduced 
growth  or  increased  susceptibility  to  disease,, 
are  very  difficult  to  measure  in  agricultural' 
crops  or#wild  plant  populations  because  of  the 
simultaneous  effects  of  other  variables  such  as 
weather  and  other  air  p'^lutants. 


EFFECTS  OF  SULFUR  DIOXIDE  OlSf  VEGETATION 
After  reviewing  studies  of  direct  eff^ts 
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of  air  pollution  on  vegetation,  Wa'ddell  (1974) 
adopted  a  figure  of  about  $200  million  as  a  best 
estimate  of  its  annual  cost  in  the  U.S.;  of 
this,  however,  only  about  5  percent  was  attri- 
buted to  effects  of  sulfur  dioxide.     These  fig- 
ures, derived  primarily  from  the  v/ork  of 
Benedict  et  al.    (1971)  are  likely  to 'be  low, 
for  several  reasons:     (a)   losses  resulting  from 
reduction  in  yield  were  largely  ignored;  (b) 
ornamental  plants  were  under-valued,  in  that 
only  replacemejit  costs  were  used  as  a  proxy  for 
aesthetic  values;     (c)  some  of  the  damage  attri^ 
buted  exclusively  ^o  oxidants  may  well  have 
been  caused  by  synetWsm  between  oxidants  and 
SO^;     (d)  no  figures  /appear  to  have  been  in- 
cluded for  damage  to  pines,  which  are  very 
sensitive  to  SO2  and  to  tS02/ozone  combinations 
and  have  been  extensively  damaged  around  a  nxim- 
ber  of  point  sources   (Rennie  and  Halstead  1973, 
USEPA  1971,  Costonis  1971,   Linzon  1971) . 

IVhatever  value  is  assigned  to  pines  and 
ornamental  vegetation,  damage  to  them  is  likely 
to  be  reduced  by  any  emissions  control  strategy 
designed  to  achieve  compliance  with ^ambient  air 
quality  air  standards  for  SO2.     There' is  some 
evidence  that  white  pines  are  damaged  even  at 
SO2  levels  below  the  U.S.  primary  annual  standard 
(Linzon  1971) ;     such  damage  may  continue  to  be 
of  ^local  significance  and  may  justify  more  stri- 
gent  control  in  areas  where  pines  are  of  econo- 
mic importance.     However,  it  is  unlikely  that 
the  total  impacij  of  this  damage  will  be  increased 
above  the  present  level.     Accordingly,  unless 
there  are  large  effects  of  SO2  on  x;rops  at  levels 
a  little  higher  than  those  now  prevailing  in 
non-urban  areas,  the  effects  of  the  projected 
increase  in  sulfur  emissions  by  1980  are  likely 
to  be  small. 

However,   it  should  be  noted  that  one  ex- 
pert in  t][i^  field  has  recently  expressed  a  con- 
trary opinion   (Heck  1973,  pp.  128-129): 

"The  potential  effect  of  an  increase 
in  oxidant  and/or  sulfur  dioxide  con- 
centration is  difficmlt  to  forecast. 
At  soite  level  the  geketic  resistance 
_jALLthii|  a  species  is^j^t  sufficient  to 
cope  ^ith  a  pollutiflii  insult.  This 
level  Varies  for  both  native  and  cul- 
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tivated  species.     Once  a  given  pollu- 
tion level  is  reached,  the  effect  may 
increase  rapidly  v;ith  only  slight  in- 
creases in  pollution.     An  educated  guess 
suggests  that  a  doubling  of  present 
pollution  concentrations  on  the  East 
Coast  could,  under  otheri'/ise  favor- 
able environmental  conditions,  pro- 
duce from  25  to  100  percent  loss  of 
many  agronomic  and  horticultural  crops 
and  severe  injury  to  many  native  species. 
Rm^eral  growing  seasons  at  these  Higher 
pollution  levels  could  result  in  the 
tempcprary  or  permanent  loss  of  native 
, species  and  major  changes  in  many  eco- 
systems.    We  are  not  far  from  pollution 
levels  v/hich  could  cause  precipitous 
effects  on  agricuJtural  production  in 
the  more  humid  areas  of  the  U.S.  How- 
ever, an  important  variable  must  be  con- 
sidered in  making  any  predictions  based 
on  increased  pollution  levels.     This  is 
that  the  capability  of  th*  living  orga- 
nism to  respond  and  adapt  to  changes 
in  its  environment,  within  specific 
ranges  of  an  adverse  insult,  has  not 
been  adequatley  determined." 

Accordingly  the  possibility  of  large  adverse 

effects  cannot  be  dismissed. 


EFFECTS  OF  ACID  PRECIPITATION  ON  TREES 
AND  FOREST  PRODUCTIVITY 

A  number  of  studies  in  Scandinavia  have 
suggf'Sted  a  progressive  adverse  effect  of  acid 
precipitation  bn  the  growth  of  coniferous  forest* 
trees    (Bolin  et  al .   1971,  Jonsson  and  Sundberg 
197?,  Marlmer -1973  ,  Overrein  1972,  Dahl  and 
Skre  1971) .     in  much  of  the  glaciated  parts  of 
northern  Europe,  soils  are  naturally  acid  and 
deficient  in  nutrients. -»  The  productivity  of 
forest  land  is  closely  correlated  with  the  soil 
levels  of  calcium,  which  is  subject  to  leach- 
ing by  acid  precipitation.     A  study  in  Sweden 
shov/ed  a  significant  -reduction  in  growth  ^^tbe- 
tween  1945  and  1965  in  the  stands  most  subject 
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to  soil  acidification *(Jonsson^ and^ Sundberg 
1972).     The  extent  of  the  reduction  in  growth 
has  been  estimated  to  be  of  the  order  of  0.3 
percent  per  year  in  Sv;eden   (Bolin  et  al*  1971), 
but  perhaps  as  much  as  1  percent  per  year  in 
Norv/ay   (Dahl  and  Skre  1971).     ProjQc*:ing  ahead 
on  the  assumption  of  a  continued  increase  of 
SO2  emissions  in  western  Europe,  it  has  been 
estimated  that  the  overall  reduction  in  growth 
in  Sv/edish  commerical  forests  might  be  as  much 
as  15  percent  by  the  year  2000    (Bolin  et  al. 
1971). 

In  North  America,   the  pri  ncipal  commercial 
forestry  based  on  coniferous  trees  in  the  North- 
east is,  in  Maine,  Ontario,  southern  Quebec  and 
the  Maritime  Provinces  3     these  lie  in  the  same 
geographical  relationship   (500-1500  km  dovm- 
v/ind)   to  the  major  SO^  emitting  regions  in  the 
U.S.   as  the  Scandinavian  forests  to  the  major 
emitting  regions  in  western  Europe.     No  measure- 
ments of  the  acidity  of  rain  have  been  traced 
for  these  areas  of  Canada,  but  high  rates  of 
sulfate  deposition  and  acidic  precipitation  have 
been  recorded  in  northern  Maine   (Chapter  7) . 
Since  the  forest  types'  and  soils  in  this  region 
are  generally  similar  to  those  in  Scandinavia, 
Siimilar  -effects,  on  forest  grov;th  v;ould  be  anti- 
cipated. ^ 

In  a  study  of  a  hardv/ood  forest  in  New 
Hampshire,  Whittaker  et  al.    (1974)   found  that 
an  "abrupt  and  striking"  decrease  in  Volume 
grov/th  and  productivity  had  taken  place  about 
i960.     The  change   (an  18  percent  decrease)  was 
unprecedented  in  the'  history  bf  wood  volume 
grov/th  for  the  forest?     the  authors  tentatively 
suggested  that  it  might  be  related  to  the  effects 
of  acid  rain  and/or  drought.     The  change  is  not 
negessarily  comparable  v;ith  that  observed  in 
Scandinavian  coniferous  forests ,  because  soil 
nutrients  were  maintained  at  a  fairly  high  level 
(Likens  et  al.   197].);     however,   leaching  of  nu- 
trients from  the  leaves  was  measured   (Eaton  et 
al.   1973)  .     Foliar  leaching  has  been  observed 
in  experimental  studies  with  birches  exposed 
to  acid  mists  at  pH  4.0,   ^d  tissue  damage  was 
observed  at  pH  3.0,  but  not  at  pH  3.3    (Wood  and 
Bormann  1975,  Wood  and  Bormann  1974).  Growth 
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reduction  v/as  not  oignificant  even  at  pH  3.0, 
howevQ^   (Wood- and  Bormann  1974). 

Grov/th .  abnormalitieo  and  tissue  damage  in 
various  opecies  of  pines  have  he^n  associated 
v;ith  acid  rain  v;ith  pH  in  the  range  4.0-4.5 
under  field  conditioa^   (USJSPA  1971,  Gordon  1972, 
Hindav/i  and  Ratsch  1974,  Gordon  1974)   and  v;ith 
simulated  acid  rain  at  pH  3.3  and  4.0  under 
experimental  conditions   (Gordon  1974,  Shriner 
and  Decot  1974).     Hov/ever,  the  results  have 
been  disputed   (Wood  1975)   and  details  of  the  ex- 
periments have  not  yet  been  published.  Pines 
are  especially  sensiti-ve  to  air  pollutants 
(Heggestad  and  Heck  1971,  Brandt  and  Heck  1968, 
Wood  196  8,  VJebster  1967,  Smith  1974,  Naegele 
1973,  Rennie  and  Halstead  1973,  USDHEW  1969, 
Hindawi  1970,  Gordon  1972),  and  the  results  can- 
not necessarily  b«  extended  even  to  other  coni- 
ferous trees. 

In  the  present  early  stage  of  investigation, 
with  many  studies  still  unpublished,  it  is  diffi- 
cult to  assess-  the  significance  of  the  various 
effects  summarized  above.     Hov/ever,   the  weight 
of  evidence  suggests  a  str©l£>g  possibility  that 
acid  rain  at  present  and  projected  concentra- 
tions may  have  v/idespread  effects  upon  trees 
in  the  northeastern  U.S.   and  eastern  Canada. 
The  industry  at  risk  is  substantial:     the  total 
stumpage  value  of  forest  harvested  annually  in 
Ontario,  Quebec,  and  the  Maritime  Provinces  is 
about  $600  million,  and  the  total  value  of  ship- 
ments  (lumber,  paper,  etc)   is  4-5  times  larger 
than  this    (Rennie  1974,  Env.  Canada  1973).  Except 
in  northern  r4aine,   the  forest  industry  in  the 
northeastern  U.S.   is  relatively  small,  but  there 
4-3  another  substantial  industry   (annual  cut  overv 
$800  million)  based  on  pines  from  eastern  Vir- 
ginia and  southern  Tennessee  southv/ards  (Stat. 
Abstract  U.S.   1973),  which  would  be  affected 
if  the  recent  southward  extension  of  the  area 
subject  to  acid  rainfall   (Chapter  7 )   is  con- 
tinued.    Without  more  direct  evidence  for  the 
nature  and  magnitude  of  damage  it  would  be  idle 
to  speculate  further,  but  clearly  the  problem  is 
.^not  negligible  and  needs  further  inves tigati<J?n . 


ally  near  the  larger  cities,  the  average  pH  of 


Northeast ,  especi - 
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rain  io  nov/  around  or  belov;  4,0,  and  locally  the 
average  pH  of  sununer  rains  is  as  lov/  as  3,5. 
(Chapter  7),     The  projected  increase  irP  acidity 
of  precipitation  if  emissions  are  uncontrolled 
(Chapter  7)  v/ould  bring  these  levels  close  to 
those   (3,3  and  lower)   at  which  acute  injury  to 
plants  has  be4n  , recorded  under  experimental  con- 
ditions.    Accordingly  there  is  a  substantial 
possibilj^ity  that  major  damage  to  vegetation  may 
take  place  in  the  most  affected  regions,  es- 
pecially in  urban  and  suburban  areas.     The  pri- 
mary concern  v/ould  probably  be  for  ornamental 
and  gatden  plants,  which  are  a  major  recrea- 
tional resource  and  contribute  substantially  to 
residential  property  values.     The  apparent  sen- 
sitivity of  pines  is  of  special  significance  in 
this  regard,  because  of  their  importance  in  • 
ornamental  plantings  and  for  screening  ,• 


EFFECTS  OF  ACID  RAIN  ON  AGRICULTURE 

There  are  very  fev/  studies  of'  the  effects 
of  acid  rain  on  crop  plants,  and  apparently 
none  has  investigated  the  pH  range  of  greatest 
interest,   3,5-4,5,     Seedlings  of  kidney  beans 
and  soy  beans  are  reported  to  have  shown  signs 
of  acute  injury  when  exposed  to  simulated  acid 
rain  at  pH  3,2    (Shriner  and  Decot  1974),  A 
variety  of  physiological  effects  w^s  observed 
in  beans  exposed  to  sulfuric  acid  mist  at  pH 
3,0,  but  not  at  pH  3,5    (Ferenbauch -1974)  ,  In- 
direct effects  of  acid  rain  on  plants  include 
effects  on  soil  micro-organisms,  especially  those 
responsible  for  nitrogen  fixation   (Rennie  and 
Halstead  1973,  Bolin  et  al,   1971,  Shriner  1974), 
int^actions  ^with  bacterial  atid  fUngal  patho- 
genJT'  (Shrine^:;  1974)  ,  effect  on  reproduction 
(Kratky) ,  possible  interactions  with  herbicides 
(Gordon  1974) ,  and  enhancement  of  the  -uptake  of 
soil  cadmium   (Andersson  and  Nilsson  1974),  None 
of  the  stu4fes  reported  to  date  indicates  a  sub- 
stantial effect  on  a  crop  plant  at  the  level  of 
acidity  nov/^^encountered  in  precipitation.  How- 
ever, n^ore  investigation  is  ne^ed,  because 
even  a  smalT  reduction  in  growth  of  a  major 
agricultural  crop,   for  example,  could  have  a 
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major  Gconomic  impact. 

Tile  only  clearly  identifiable  effect  of 
acid  rain  on  agricultural  oyotems  Id  the  acidi- 
fication of  ooilo   (Bolin  et  al,   1971) ,  Preoent- 
day  agricultural  practiceo  already  tend  to 
acidify  soils,  so  that  lime  ia  routinely  uaed  to 
maintain  soil  pH,     The  deposition  of  sulfuric 
acid  and  >Acid  sulfates  v/ould  require  use  of 
additional  lime;     direct  absorption  of  SO2  v;ould 
have  a  siii^ilar  effect  because  it  is  oxidized  jto 
sulfuric  acid  in  the  soil  and  similarly  con- 
tributes to  acidification.     If  it  is  assumed, 
as  a  rough  approximation,  that  half  the  sulfur 
oxides  emitted  are  deposited  as  acid-forming 
substances  on  agricultural  land,  the  projected 
emission  of  19  million  tons  additional  S02  in 
1980  v;ould  require  the  use  of  about  1?  million 
tons  additional  lime.     At  a  current  cost  of 
$14-18  per  ton,  including  apreading,  this  v;ould 
involve  additional  cost0  approaching  $200  million 
annually.*     Probably  only  part  of  this  cost  v;ould 
be  felt  immediately,  because  some  of  the  soils 
involved  are  nov;  reasonably  well  buffered. 


>    EFFECTS  OF  ACID  RAIN  ON  FISH 
AND  AQUATIC  ECOSYSTEMS 

Investigators  in  Scandinavia  have  reported 
major  changes  in  the  flora  and  fauna  of  acidi- 
fied laJces  and  streams   (Bolin  et  al.  1971, 
Alm^r  et  al.   1974,  Jensen  and  Snekvik  1972, 
'Grahn  et  al.   1973,  Johansson  et  al.   19^3).  The 
most  striking  effects  v/ere  those  on  fresh-v;ater 
fish,  expecially  salmon  and  trout,  v;hich  are 
progressively  eliminated  as  the  pH  of  the-j^iate^ 
falls  to  5  and  belov/  (Aimer  et  al.   1974,  Jenseri 
and  Snekvik  1972) .     A  similar  phenomenon  has 


*The  offsetting  value  of  the  sulfur  as  a  nutri- 
ent  (Grennard  and  Ross  1974)   is  probably  of 
negligible  significance  in  the  northeastern  U.S., 
v;here  soil  sulfur  concentrations  are  generally 
adequate  to  maintain  productivity  and  <:urrent 
rates  of  deposition  are  already  very  high  (see 
Chapter  7) . 
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boon  rQcordod  in  acidified  lakes  in  Ontario, 
v/hore  most  fioh  opecios  failc^d  to  reproduce 
after  the  pH  fell  into  the  range  4.7-5.2 
(Beamish  1974,  Beamish  et  al.).  Disappearance 
of  the  fioh  followed  cessation  of  reproduction^ 
v/hich  involved  failure  of  the  females  to  spav/n 
(Beamis^^  et  al,J  and  failure  of  eggs  to  hatch 
^--'(Johansson  et  al.  1973). 
^        As  discussed  in  Chapter  1,  continuation  or 
increase  in  current  emissions  of  sulfur  03cidos 
is  expected  to  lead  to  similar  pheonomena  in 
the  northea;2tern  U.S.   and  in  eastern  Canada. 
The  rate  of  acidification  is  difficult  to  pre-* 
diet  ip  individual  cases  and  it  may  take  years 
or  decades ^before  some  marginal  lakes  and  streams 
become  critically  acidified.     However  in  Massa- 
chusetts, for  example,  many  lalces  and  streams 
already  shov/  peaks  of  acidity  in  early  spring 
(with  pH  often  in  the  range  4.5-5.5)   and  stock- 
ing of  trout  has  to  be  delayed  for  2-8  weeks 
(Cronin  and  Dixon) *     The  problem  can  be  ame- 
liorated somev/hat  by  addition  of  lime  to  managed 
ponds,  but  this  does  not  always  work,  is  ex-  ' 
pensive  or  impracticable  for  running  waters,  and 
is  not  recommended  as  a  long-term  solution 
(Bolin  et  al.   1971,  Cronin  and  Dixon).     The  pri- 
mary consequence  of  lossBS  in  fresh  water  fish 
populations  would  be  restriction  of  recreational 
opportunity,  but  the  economic  aspects  should  not 
be  ignored:     there  are  some  12  million  fresh 
v;ater  fisherman  in  the  northeastern  U.S.,  and 
their  annual  expenditure  on  their  sport  is  of 
the  OTder  of  $150-400  per  capita   (Stat.  Abstract 
U.S.   1973,  USDI  1967,  Bridges  and  Sendak  1968: 
figures  prorated  to  1974) . 

In  addition  to  effects  on  economically  im- 
portant fish,  changes  in  populations  of  a  wide 
variety  of  aquatic  plants  and  animals  have  been 
recorded  in  acidified  lak(SS    (Aimer  et  al.  1974, 
Grahn  et  al.   1973).     In  general,  the  bioloqical 
productivity  of  lakes  and  marshes  is  related  to 
concentrations  of  bicarbonates  and  calcium  in 
the  water.     For  example,  Patterson   (1974)  has 
found  a  close  relationship  between  the  reproduc- 
tive success  of  v/aterfov/1  and  the  concentra- 
tions of  calcium  and  bicarbonates  in  the  ponds 
where  they  breed.     Continued  acidification  is 
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thGroforo  likely  to  load  to  a  general  reduction 
in  biological  productivity,  except  in  freah 
watoro  that  are  v;ell  oupplied  v/ith  calcium. 


ECOSYSTEM  EFFECTS 

In  a  broad  aonoe,  human  health  and  v;elfaro 
are  dependent  ultimately  on  the  maintenance  of 
the  functioning  of  natural  ecoayatema.  Direct 
effects  of  oulfur  oxidea  oh  human  health  have 
been  considered  in  Chapters  1-4;     indirect  ef- 
fects are  difficult  to  assess  except  by  consi- 
deration of  specific  components  of  natural  eco- 
systems, as  in  the  preceding  paragraphs, 
Woodwell   (1970)  has  raised  the  possibility  that 
the  prolonged  occurrence  of  acid  rain  in  the 
northeastern  U.S.  may  have  long-term  adverse 
effects  at  the  ecosystem  level.  Woodv/ell 
shov;ed  that  the  general  effect  of  physical  and 
chemical  stresses  is  to  impair  the  structure 
and  functioning  of  ecosystems.     A  specific 
relevant  example  is  the  profound  changes  induced 
in  fresh  v/ater  lake  ecosystems  by  acidification 
(Aimer  et  al.   1974,  Grahn  et  al.   1973).  If 
such  broad  effects  v;ere  starting  to  take  place 
in  terrestial  ecosystems  they  v/ould  ultimately 
ha^e  major  effects  on  human  v/elfare  and  v/ould 
be  difficult  to  reverse. 


ATMOSPHERIC  AEROSOLS 

A  recent  study  in  St.  Louis  has  shown  that 
sulfates   (sulfuric  acid,  ammonium  sulfate  and* 
ammonium  bisulfate)   are  the  predominant  consti- 
tuents in  the  fine  particulate  aeros^s  v/hich 
form  visible,  light-scattering  hazes  in  eastern 
Missouri    (Charlson  et  al .   1974).     Such  visible, 
turbid  air  is  noted  in  summer  through  the 
eastern  U.S.   south  and  v/est  to  Arkansas  and 
Kansas    (Flov/ers  et  al.    1969),  and  only  really 
disappears  v;ith  massive  intrusions  of  Canadian 
air  in  v/inter   (Charlson  et  al.   1974)  .  Munn 
(1973)   reported  a  progressive  increase  in  the 
frequency  of  summer  hazes  in  the  Canadian  At- 
lantic Provinces  in  the  period  1953-71:  the 
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hazGo  WGrG  aoDOciatGd  v;ith  oouth  and  southv/GOt 
I'^indo  and  v/GrG  attributGd  to  transport  of 
aGrooolD  from  thG  GaotGrn  U.S.     A  similar  in- 
crGaoG  in  hasinGoo  hao  bGGn  rGcordod  in  Ohio, 
KGntucky  and  TGnnGOSGG    (MillGr  Gt  al.  1972). 
ThG  iraniGdiatG  effect  of  theoG  changeo  in  vioibi- 
lity  io  primarily  aGsthGtic,  but  thG  pobDibftU.ty 
of  an  effGct  on  v/GathGr  and  climate  cannot 
diomiDDGd,   oinco  the  aorosolD  interact  with  \ 
vioible  light  and  have  the  potential  for  in- 
fluencing cloud  procGSoeo   (Hobbs  et  al.  1974). 


SUMT'lARY  AND  CONCLUSION 

(1)  The  direct  effects  of  sulfur  dioxide 
on  vegetation  are  difficult  to  assess  quanti- 
tatively and  may  have  baen  under-estimated  in 
post  studies.     However,   they  are  probably  un- 
likely to  increase,  and  may  decrease^.,   if  an  in- 
crease -in  emissions  is  accompanied  by  well- 
managed  dispersal. 

(2)  Effects  of  acid  rain  on  natural  sys- 
tems are  probably  of  greater  consequence  than 
effects  of  sulfur  dioxide,  enpecially  if  emis- 
sions are  permitted  to  increase.  However, 
studies  of  the  effects  of  acid  rain  are  in  their 
infancy:     several  important  studies  are  in  pro- 
gress or  as  yet  unpublished. 

(3)  Identifiable  effects  of  acid  rain  in- 
clude acidification  of  soil,   reduction  in  forest 
productivity,  and  depletion  of  fresh  v/ater  fish 
populations.     The  full  impact  of  these  effects 
may  be  delayed  for  years  or  even  decades. 

Rough  estimates  of  tiiQ  likely  magnitude  of  these 
effects  suggest  that  they  are  relatively  modest 
in  economic  terms,  each  involving  external  costs 
of  the  order  of  1  cent  per  pound  of  sulfur 
emitted.     Hov/ever,   they  may  also  involve  loss 
of ' recreational  opportunity  and  aesthetic  values. 

(4)  The  possibility  of  large  additional 
effects,   such  as  extensive  injury  to  valuable 
ornamental  plants  or  reduction  in  agricultural 
productivity,  cannot  be  dismissed,  especially 
if  the  acidity  of  precipitation. is  permitted  to 
increase . 

(5)  Atmospheric  hazes,  attributable  in 
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largo  part  to  fine  oulfatG  particlGO,  arc  v/ido- 
oproad  in  oummGr  in  the  Gaotern  U.S.  ThGir 
froqiiGncy  appoara  to  ho  incroaoing  ao  GmiooionD 
incrGaoG,     ThG  poooibility  of  GffeGtD  on  v/GathGr 
and  climatG  cannot  bo  diomiased. 

(6)     EffGcto  of  sulfur  oxides  and  acid 
rain  on  man-made jpaterlalo  have  not  been  conoi- 
dered  in  thio  chapter. 
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PART  ^^TWO  IN  BRIEF; 
STRATEGICS  FOR  CONTROLLING  SULFUR-RELATED 
POWER  PIANT  EMISSIONS 


RELATION  OF  EMISSIONS  TO  AMBIENT  AIR  QUALITY 
AND  CHEMISTRY  OF  PRECIPITATION 

Man-made  emissions  of  sulfur  oxides  in  the 
United  States  have  been  increasing  at  about  4 
percent  per  year  and  amounted  to  about  34 
million  tons  in  1970   (see  Table  6-2) •     The  most 
important  sources  are  electric  power  plants  (57 
percent) ,  industrial  processes   (16  percent) ^  and 
other  stationary  sources  (22  percent)    (see  Table 
6-2) .     The  greatest  density  of  emissionife  is  in 
the  northeastern  states  (east  of  the  Mississippi 
and  north  of  Alabama-South  Carolina  (see  Figures 
6-2;13-10).     There  are  also  substantial 
emissions  (3-4  million  tons  per  year)  in  parts 
of  southeast  Canada  adjacent  to  the  U.S.  (see 
Table  7-2) .     At  least  in  this  region^  man-made 
emissions  greatly  exceed  natural  emissions  (see 
Table  7-2) . 

Most  Emissions  are  in  the  form  of  sulfur 
dioxide.     After  emission,  sulfur  dioxide  mixes 
with  the  ambient  air  by  diffusing  both 
vertically  and  horizontally,  and  is  transported 
(generally  eastwards  or  northeastwards)   by  the 
wind.     Some  of  the  sulfur  dioxide  is  oxidized  to 
form  sulfates,  which  may  in  turn  form  aerosols 
and  travel  long  distances  with  the  wind  (see 
Chapter  6) .     The  estimated  rate  of  oxidation  of 
sulfur  dioxide  to  sulfates  in  the  atmosphere 
varies  considerably,  from  as  low  as  0.1  percent 
per  hour  to  as  high  as  30  percent  or  more  per 
hour,  depending  on  local  conditions  such  as  the 
humidity  and  the  relative  concentrations  of 
Other  air  pollutants.     This  rate  of  conversion 
is  typically  more  rapid  in  urban  air  than  in 
rural  air  (see  Chapters  6  and  7) . 
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The  principal . means  of  removal  of  sulfur 
oxides  from  the  atmosphere  include  absorption  of 
gaseous  sulfur  dioxide  by  the  ground  or  by 
vegetation,  and  deposition  of  sulfates  in  rain 
and  snow  (see  chapter  7) .     Surveys  conducted  in 
the  northeastern  United  states  suggest  that 
roughly  33  percent,  of  the  sulfur  oxides  are 
eventually  returned  to  earth  as  sulfates  in 
precipitation  (see  Table  7-2) •     Figure  6-1 
pictures  the  way  sulfur  oxides  are  transported 
after  emission,  transformed  into  sulfates,  and 
ultimately  returned  to  ground. 

Because  sulfur  dioxide  is  absorbed  fairly 
rapidly  by  the  ground,  emissions  from  stacks  are 
probably  more  important  than  low  level  emissions 
as  a  sourc^  of  sulfate  aerosols  downwind  (see 
Chapters  6,7).     For  the  same  reason,  ambient 
concentrations  of  sulfur  dioxide  measured  at 
giround  level  are  determined  primarily  by  sources 
nearby  and  a  short  distance  upwind;  in  contrast, 
ambient  concentrations  of  sulfates  are 
determined  by  sources  further  upwind  (see 
Chapter  6)  .    Accordingly,  ambient  concentrations 
of  sulfur  dioxide  are  generally  'greater  than 
those  of  sulfates  at  urban  stations,  but  are 
lower  at  some  rural  stations  (see  chapter  6) . 
Measurements  of  suspended  sulfate  aerosols  (see 
Figure  6-4)  and  of  sulfates  in  precipitation 
indicate  that  high  levels  of  sulfate  are 
dispersed  very  widely  throughout  the 
northeastern  United  States  and  eastern  Canada  ^ 
(see  Figure  7-1).*   The  pattern  of  deposition 
suggests  transport  over  distances  of  several 
hundred  km  downwind  from  the  principal  source 
areas  (see  Chapter  7,  and  Figure  7-1). 

•    The  acidity  of  the  suspended  sulfate 
aerosols  has  not  been  measured  directly,  but  can 
be  determined  indirectly  by  measuring  the 
acidity  of  precipitation   (see  Chapter  7)  .  Acid 
precipitation  is  a  regional  phenomenon  in  the 
northeastern  United  States  and  eastern  Canada, 
and  its  distribution  covers  roughly  the  same 
area  as  experiences  the  highest  sulfate  levels 
(see  Figures  7-2,  7-4).     The  fraction  of 
sulfates  falling  out  as  acid  sulfates  in 
precipitation  is  in  some  areas  as  much  as  80 
percent;  its  regional  average  is  about  24 
percent  (see  Table  7-3) .    About  three-quarters 
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of  the  acidity  of  precipitation  is  in  th^  form 
of  siafuric  acid  and  is  attributable  to  sulfur 
oxide  emissions;  most  of  the  remainder  consists 
of  nitric  acid  and  is  attributable  to  nitrogen 
oxide  emissions  (see  chapter  1,  and  Table  7-3). 

Between  1960  and  1970  total  emissions  of 
sulfur  oxides  in  the  United  States  increased  by 
about  fj5  percent,  primarily  due  to  a  near- 
doubling  in  emissions  frcMn  electric  power  plants 
(se^  Table  6-2) .     However,  as  a  result  of 
limx^ations  imposed  on  the  amount  of  sulfur 
permitted  in  fuels,  sulfur  oxide  emissions  in 
urban  areas  were  reduced  substantially  diiring 
that  decade  (while  those  in  nonVurban  areas 
increased  disproportionately:  see  Table  6-2) - 
In  consequence  ambient  concentrations  of  sulfur 
dioxide  in  urban  areas  decreased  significantly. 
However r  ambient  concentrations  of  suspended 
sulfates  in  urban  areas  remained  approximately 
constant  throughout  the  decade  'and  there  is  some 
evidence  that  ambxont  sulfate  levels  in  non- 
urban  areas  have  increased  (see  Chapter  6) • 
This  probably  reflects  the  long-range  dispersal 
of  air- borne  sulfates,  and  indicates  that 
ambient  sulfate  concentrations  are  determined 
primarily  by  total  regiona;.  emissions.  The 
acidity  of  precipitation  has  increased  more 
rapidly  than  total  emissions,  perhaps  reflecting 
a  depletion  of  neutralizing  materials  in  the  adr 
(see  Table  7-3)  .     The  area  affected  by  acid 
precipitation  has  also  expanded  to  include  most 
of  eastern  North  America  (see  Figure  7-1). 

In  the  absence  of  emission  controls, 
emissions  of  sulfur  oxides  from  power  plants  are 
projected  to  double  again  in  the  decade  1970-80, 
and  a  small  increase  in  SOx  emissions  from  other 
sources  is  considered  likely  (see  chapter  6). 
Extrapolating  from  past  trends  and  considering 
the  relative  imjportance  of  urban  and  non«urban 
sources,  this  growth  in  SOx  emissions  is 
projected  to  cause  only  a  small  increase   (0  to 
20  percent)   in  average  urban  sulfur  dioxide 
concentrations,  but  a  larger  increase   (18  to  42 
percent)  in  average  urban  sulfate  concentrations 
(see  Chapter  6).    The  total  acidity  of 
precipitation  is  expected  to  increase  by  much 
larger  factors  (perhaps  as  much  as  threefold) 
and  its  distribution  may  extend  over  a  wider 
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area  than  previouGly  was  the  case  (sf^e  Table  7- 
4) •    Part  of  the  increase  in  acidity  of 
precipitation  would  be  attributable  to  nitric 
acid  and  would  not  be  averted  by  sulfur  oxide 
emisGion  controls  (see  Table  7-4^  Chapter  7). 

A  highly  simplified  model  io  presented  in 
Chapter  13  to  predict  the  likely  impact  of  a 
single  source  of  sulfur  dioxide  on  rural  and 
urban  air  quality  downwind  of  it.  Applying 
reasonable  average  values  for  rates  of 
diffusion^  absorption  and  oxidation  of  sulfur 
dioxide^  it  is  demonstrated  that  a  single  power 
plant  of  600  MW  burning  3  percent  sulfur  coal 
could  cause  an  increase  of  the  order  of  0,15 
ug/m'  in  the  annual  average  level  of  suspended 
sulfates  in  an  urban  area  approximately  fiVe 
hundre<3  km  (300  miles)   downwind,     (The  range  of 
uncertainty  in  this  calcuation  is  wide:  0,03  to 
0.3  ugm/m^,) 'The  figure  of  0,15  ugm/m'  is 
consistent  with  the  analysis  of  the  regional 
distribution  of  emissions  and  ^bient  air 
quality  stlmmarized  in  Chapter  6.    The  impact  of 
a  power  plant  on  sulfate  air  quality  far 
downwind  is  quite  strongly  dependent  on  the  rate 
of  oxidation  of  sulfur  dioxide  to  sulfate^  and 
hence/  among  other  factors^  on  the  amounts  and 
distributions  of  other  pollutants  in  the 
atmosphere. 


EFFICIENT  PRICING  AND  CONSERVATION 

One  important  means  of  achieving  the  broad 
goals  of  our  national  energy  policy  is  to 
promote  conservation.    Limiting  the  consumption 
of  electricity  or  reducing  its  rate  of  growth 
would  reduce  emissions  of  sulfur  oxides  and 
other  pollutants  and  thus  the  damages  to  health 
and  the  environment  from  the  utilization  of  coal 
to  produce  electric  power. 

One  essential  device  in  limiting  wasteful 
consumption  of  energy  is  to  see  to  it  that  its 
price  is  equated  to  its  marginal  social  cost  of 
production.     In  fact^  our  pricing  of  electricity 
falls  far  short  of  this  requirement  in  many 
ways. 

Electric  utilities  are  in  most  jurisdictions 
regulated  on  an  original^  or  historic^  cost 
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baois.     This  means  that  their  capital  coato  are 
measured  by,  and  as  a  return  on,  the  cost 
hi-ptoiiically  incurred.     But  the  only  measure  of 
mai^^ginlal  cost  that  has  any  economic  significance 
is  cjnfrent  costs,  or,  as  one  sets  rates  for  the 
future,  the  cost  that  will  be  incurred  or  saved 
during  the  period  when  those  rates  are  in 
effect.     In  times  of  rapid  inflation,  those 
marginal  costs  tend,  naturally,  to  rise  relative 
to  average  company  revenue  requirements,  when 
the  latter  are  based  heavily  on  historic  costs. 
Basing  all  electricity  rates  on  incremental 
costs  in  these  circumstances  would  produce  ex- 
cessive revenues,  by  traditional  regulatory 
standards.     The  requirements  of  economic 
efficiency  could,  however,  be  approximated  by 
setting  rates  at  incremental  cost  for  those 
categories  of  demand  that  are  particularly 
responsive  to  price.     Alternatively,  excess 
revenues  could  be  rebated  equally   (or  in  some 
other  manner  not  related  to  individual 
consumption)  to  all  customers. 

Second,  and  operating  in  the  same  direction 
as  the  use  of  average  rather  than  marginal  cost 
pricing,  is  the  failure  of  electricity  rates 
typically  to  reflect  peak  responsibility.  The 
required  level  of  investment  in  generating  and 
transmitting  capacity  depends  specif  legally  on 
the  level  of  jdemand  at  the  times  of  system  peak 
consumption.     If  the  economically  proper  amount 
of  capacity  is  to  be  constructed,  therefore,  it 
is  that  particular  consumption,  i.e., 
consumption  at  the  time  of  peak  utilization, 
that  must  be  charged  the  full  marginal  costs  at 
that  time  of  making  that  capacity  available. 
This  could  be  done,  for  example,  by  installation 
of  time-of-day  meters.     In  contrast,  consumption 
truly  and  inalterably  off  peak  should  not  pay 
any  capacity  costs,     it  is  clear,  generally, 
that  the  failure  pf  most  electri'c  utility 
pricing  to  reflect  these  peak  responsibility 
principles,  as  well  as  to  measure  capacity  costs 
in  current  rather  than  historical  terms,  gives 
rise  to  a  greater  demand  for  electricity  and  a 
consequent  greater  construction  of  plant  than 
would  otherwise  occur. 

While  efficient  pricing  of  energy  is  one 
very  important  means  for  reducing  wasteful  use 
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of  electricity  and,  therefore ,  for  reducing  sul- 
fur dioxide  emissionOr  it  is  by  no  means  the 
only  device r  nor  is  it  necessarily  sufficl^ent, 
Iinproved  effectiveness  of  fuel  utilization 
typically  requires  capital  outlays  either  by 
individuals  or  businesses.     Capital  shortages 
and  high  interest  rates  both  inhibit  investment 
in  energy-conserving  fixed  assets.  These 
considerations  argue  for  government  assistance 
to  individuals  and  businesses  in  such  forms  as 
tax  rebates  or  low-interest  loans  for  energy- 
conserving  investments.     At  the  minimum,  non- 
economic  institutional  barriers  which  make  it 
difficult  for  many  to  obtain  financing,  even  at 
market  rates  of  interest,  should  be  overcome. 


MODIFICATION  OF  DEMAND  FOR  ELECTRIC  POWER 

Modifications  of  demand  for  electricity,  and 
therefore  of  emissions  of  sulfur  oxides,  can  be 
brought  about  by  improvements  in  ^ef f ectiveness 
of  fuel  utilization  in  end--uses  and  by  shifting 
frpih  oil  and  gas  to  coal  as  primary  fuel  for 
spi^Ce  heating. 

Demand  for  fuels  for  electricity  generation 
can  be  reduced  by  increasing  end-use  effective- 
ness in  two  general  ways:   (1)   generation  of 
electricity  as  byproduct  of  certain  industrial 
processes;  and  (2)   improvement  of  efficiency  of 
electrical  apparatus  used  in  the  residential, 
commercial,  and  irldustrial  sectors. 


Generation  of  Byproduct  Electricity  in  Industry 

Process  steam  raising  and  direct  combustion 
heating  account  for  74  percent  of  total 
industrial  fuel  consumption.     If  all  process 
steam  were  to  be  raised  in  combination  with 
electricity  generation  as  much  as  1270  billion 
kw-hrs  of  electricity. could  be  generated  at  a 
net  fuel  saving  of  about  6.2  quads  or  25  8 
million  tons  of  coal  per  year  in  1985. 

Similarly,  if  waste  heat  from  industrial 
heating  processes  were  to  be  recovered  by 
bottoming  cycle  electric  generators,  as  much  as 
182  billion  kw-hrs  of  electricity  could  be 
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generateci  at  a  net  fuel  saving  of  1.82  quad  or 
76  million  tons  of  coal  per  year  in  1985, 

Not  all  of  the  potential  by-product 
electricity  can  be  genera,ted  because  Qome 
industrial  planto  are  too  small  in  scale  or 
operate  too  few  hours  per  year  to  justify  the 
expense  for  the  installation  of  the  fuel  saving 
equipment.    The  rate  at  which  f&el-saving  equip- 
ment will  be  installed  will  depend  on  fuel  and 
electricity  prices.     If  the  price  of  electricity 
sold  by  a  utility  is  determined  by  average 
capital  costs  of  supplies  rather  than  capital 
costs  of  new  supplies^  then  an  individual  firm 
would  likely  prefer  to  purchase  electricity 
rather  than  generate  by-product  electricity.^ 

To  illustrate  the  effect  of  pricing 
electricity  based  upon  average  rather  than 
incremental  costs,  a  comparison  was  made  vbetween 
on-site  power  generators  and  purchased 
electricity.    This  analysis  showed  that  with 
present  prices  for  electricity,  the  overall 
costs  to  an  industrial  user  were  about  equal  for 
purchased  electricity  vs.  a  bottoming  cycle  to 
generate  by-product  power  from  waste  heat. 
However,  the  incremental  power  demand  placed  on 
electric  utilities  for  purchased  power  results 
in  the  expenditure  of  almost  50  percent  more  of 
the  nation's  capital  than  would  be  required  if 
the  bottoming  cycle  were  installed.  These 
comparisons*  are  made  on  the  assumption  that  the 
industrial  demands  in  question  fall  no  less  than 
the  average  of  all  other  demands  on  the  system 
peak,  and  so  would  be  incrementally  responsible 
for  a  propertionate  share  of  the  costs  of 
providing  the  requisite  capacity. 


Improved  Efficiency  of  Equipment  and  Processes 

Significant  opportunities  exist  for  fuel 
saving  through  improvements  of  effectiveness  of 
electrical  equipment  used  in  various  appli- 
cations and  through  re-optimization  of 
electricity  con^ming  industrial  processes. 
Several  examples  are  included  here  to  illustrate 
the  potential  for  modifications  of  demand  for 
electricity. 
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Air-conditioning  and  refrigeration  equipment 
aqcounts  for  over  20  percent  of  all  U.S. 
electricity  and  5, 4  percent  of  fuel  consumed  ^f or 
all  purposes.     The  periyprmance   (Btu  cooing  per 
watt  hour  of  electricity)   of  such ^equipment  can 
readily  be  improved  by  ^0  percent  using  known  --^ 
hdat-transf er  technold^y.     The  potential  fuel 
sajving  would  be  1.8  qaads^  or  75  million  tons  of 
co^l  per  year  in  1985.  /- - 

\    A  comprehensive  stqdy  of  all  electricity 
coiysuming  ;»processes  in  industry  is  needed /in 
oraer  to  establish  the  potential  fuel  saving. 
The  aluminum  electrolysis  process  ser^s  to  an 
illustration  of  what. might  be  obtained/VjB^ 
operating  the  Hall-Process  electrolysis  cells  at 
lower  current  density r  which  is  equivalent . to 
increasing  capital  cost  by  22  percent,  the 
electricity . required  per  ton  of  primary  aluminum 
can  be  decreased  by  16  percent,  namely  by  2,500 
kw-hrs  per  ton.     The  potential  fuel  saving  would 
be  0.25  quads,  or  10  million  tpns  of  coal  pe.r  - 
year  in  1985.     Still  further  savings  in  aluminum 
production  may  be  realized  through, changes . in 
the  process  itself  such  as  that  being 
investigated  by  AJcoa. 

Applying  recently  published  FEA  guidelines 
on  lighting,  it  is  possible  to  reduce  demand  by 
133  billion  kw-hr  in  1985.     The  fuel  saving  by 
electric  power  plants  would  be  75  million  tons 
of  coal  per  year. 


Shift  af  Spac^  Heating*  Load  from  Oil  and  Gas 
to  Coal  as  Primary  Fuel 

The  vise  of  electricity,  and  the  overall  con- 
sumptifon  Of  fuel,  couljd  increase  enormously,  if  a 
large-scale  shift  from  the  direct  use  of  oil  and 
gas  to  electrical  resistance  for  space  and  water 
heating  werp  to  take  place.     Little r  if  any, 
ihcre^se  in  overall  fuel  consumption,  and  a  more 
{moderate  increase  in  electricity  demand  would 
occur  It  the  shift  were  tc  electrically-pojgasred 
heat  pumps.     The  heat  pump  also  appears Jto 
require  a  lower  overall  Capital  investment  for 
the  combined  fuel  supply  and  heating  equipment 
than  does  electrical  resistance  heating;  this 
would  clearly  be  so  if  widespread  resgiirt  to 
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electric  heating  results'  in  the  emergence  of  a 
winter  peak^  because  the  heat  pump  jwould^  in 
that  events  produce  major  savings*  in  the 
required  amount  of  generating  capacity.  The 
alternative  of  producing  gas  from  coal  to  serve 
the  heating  market  also  appears  to  require  sub- 
stantially less  capital  and  less  total  fuel  con- 
sumption than  electric  resistance  heating. 
Relative  fuel  requirements  and  capital  invest- 
ment needs r  including  equipment  for  both  fuel  / 
supply  and,  end-use^  were  estimated  for  each 
option  to  be  as  follows: 

Comparison  of  Fuel  and  Capital  Requirements 
for  Alternatives  to  Electric  Resistance  Space  Heatiuy 

/ 

/  C 

Electric 

Resistance 
Electrib 

Heat  Pump 
Coal 

Gasification 

Of  course,  other  options  are  available  for 
meeting  the  nation's  space-heating  requirements, 
for  example,  using  solar  energy  or  new  oil  and, 
gas  resources,  and  each  of  these. should  also  be 
assessed. 


Fuel  Capital 
n sumption  Requirements 


1.0  1.0  . 

0.55  0.78 


0.78  0.57  ^ 


FLUE  GAS  DESULFURIZATION  (FGD) 
Introduction 

Are  flue  gas  desulf urization  systems 
reliable  and  operable  for  scrubbing  stack  gas 
effluents  from  the  combustion  of  high  sulfur 
coal  of  the', eastern  United  States? 

We  have  considered  this  question  in  light  of 
the  , definition  of  industrial-scale  reliability 
set  forth  by  the  National  Academy  of 
Engineering's  panel  in  1970--viz.,  (a) 
satisfactory -operation  on  a  100-Mw  or  larger 
unit  for  more  than  1  year  and   (b)  availability 
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of  adequate  technical  and  economic  data  for 
confident  projection  of  commercial  designs  for 
specific  local  and  regional  conditions. 

Our  point  of  view  has  been  that  an  operation 
at  Diost  locations  in  the  eastern  United  States 
would  not  be  able  to  discharge  salty  water. 
That:  is,  the  .operation  must  work  in  the  closed 
loop  mode. 

Only  lime  and  limestone  scrubbers  have  yet 
operated  successfully  on  coal  at  the  cooimercial 
scale  for  Extended  periods  of  time,  and  we  have 
considered  the  foregoing' question  in  detail  only 
for  these  systems. 

Although  there  is  room  for  improvement, 
advances  in  knowledge  of  the  mechanical  design 
of  scrubbers  and  of  -the  selection  of  materials 
for  their  constructions  are  suf f icient^to 
provide  reasonable  assurance  that  ^ a  fa:^lure  in  a 
large-scale  test  will  probably  not  be  tne  result 
of  a  design  failure  that  causes  the  test 
scrtibber  to  fall  far  short  of  the  best  for  the 
scrubber • s  type . 

Accotdingly,  our  analysis  has  concentrated  > 
upon  the  availability  of  chemical  knowledge  and 
the  adequacy  of  performance  comparisons  among 
bench,  pilot,  and  commercial  scrubbers. 
/Although  an  ideal  technical  base  for  scrubber 
design  would  include  complete  and  detailed 
knowledge  of  the  chemistry,  we  recognize  that 
the  base  can  fall  somewhat  short  of  this  ideal 
if  the  performance  comparisions  at  various  sizes 
of  equipment  provide  a  good  empirical  knowledge 
*to  offset  some  ignorance  in  respect  to  scrubber 
chemistry.     However,  commercial  experience  at 
scrubber  conditions  that  realistically  represent 
those  to  be  expected  for  a  given  design  is  a 
sine  qua  non.     This  is  especially  true  for  a 
design  that  is  recognized  to  be  difficult.  We 
accept  the  NAE  1970  study's  criterion  ol  sub- 
stantially 100-Mw  capacity  as  necessary  to  pro- 
vide commercial  experience. 

Until  just  a  little  more  than  1-1/2  years 
ago,  it  was  believed  that  a  lime  or  limestone 
scrubber  in  the  closed  loop  mode  inevitably 
operated  with  a  liquor  that  was  supersaturated 
in  respect  to  gypsum,  and  that  an  operation  free 
of  troubles  from  plugging  and  scaling  would 
depend  upon  keeping  the  degree  of 
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supersaturation  below  a  critical  level  beyond 
which  scaling  by  deposits  of  .gypsum  become 
intolerable,     it  was  recognized  that  tlSe  danger 
from  scaling  increased  as  the  degree,  of  * 
oxidation  of  sulfur  to  the  sulfate  form  became 
greater. 

It  has  been  learned  recently  that  lime 
scrubbers  can  advantageously  operate  with  a  ^ 
liquor  that  is  unsaturated  in  respect  to  gypsum. 
The  availability  of  this  option  depends,  among 
other  things,  upon  putting  some  limit  upon  the 
degree  of  oxidation  of  sulfur  to  sulfate. 

Two  lime  scrubbers  frequently  cited  as 
examples  of  outstanding  commercial  success  are 
known  to  operate  in  the  unsaturated  mode. 
Performance  comp^isons  among  bench,  pilot,  and 
commercial  scrubbers  are  available  only  for  this 
mode.     Accordingly,  this  mode  must  be  considered 
the  furthest  along  in  its  development  and  the 
nearest  to  readiness  for  wide  application.  We 
will  treat  this  option  first  and  in  the  greatest 
detail.     We  will  follow  with  briefer  treatments 
of  lime  scrubbing  in  the  supersaturated  mode, 
and  of  the  lime9tone  scrubbing  in  both  super- 
saturated and  unsaturated  modes. 


Lime  Scrubbing  in  the  Unsaturated  Mode 

The  unsaturated  mode  of  operation  has  been 
observed  in  the  followin  lime  scrubbing  systems: 

1.  Paddys  Run  Station  of  Louisville  Gas  & 
Electric.     This  is  a  65-Mw  coal-fired  peaking 
unit.     The  longest  operation  has  been  45  days, 
during  wh4ci^  t^e  unit  f^lowed  typi^eal  load 
variations  for  a  utility  boiler.     The  unit  uses^ 
about  80  percent  excess  air   (an  unusually  high 
amount) ,  and  so  the  flue  gas  flow  rate  is 
roughly  equivalent  to  100-Mw;  on, this  basis,  the 
flue  gas  is  equivalent  to  that  from  coal  at  2 
percent  sulfur.     The  operation  is  closed  loop. 

2.  Mitsui  Miike  industrial  boiler  in 

.   Japan.     The  flue  gas  flow  is  equivalent  to  about 
160-MW  electrical  capacity.     The  coal  is  2 
percent  sulfur.     All  scrubbing  operations  in 
Japan  are  open  loop,  including  the  Mitsui  Miike 
unit.     The  operation  is  steady  around  the  clock. 
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and  the  unit  operated  more  than  2  years  before 
its  recent  conversion  to  limestone  scrubbing • 

3,       EPA's  pilot  lime  scrubber  at  TVA's 
Shawnee  Station,     The  flue  gas  flow  is  for  about 
10-Mw  electrical  capacity.     The  coal  is  3.5 
percent  sulfur.     The  operation  in  the 
unsaturated  fiROde  lasted  17  days,  and  was  shut 
down  voluntarily.     Heavy  scale  formed  on  the 
mist  eliminators  early  in  the  run.  The 
operation  did  hot  si^mulate  load  following. 

TVA's  bench  lime  scrubber  at  TVA's 
coal-^fired  Colbert  Station.     The  flue  gas  flow 
is  for  about  1-MW  electrical  capacity.     The  coal 
is  3  percent  sulfur.     The  operation  in  the 
unsaturated  mode  lasted  three  months.     It  did 
not  simulate  load  following. 

5.      EPA's  bench  lime  scrubber  at  Research 
Triangle  Park,  handling  flue  gas  equivalent  to 
0.1-MW.     The  fuel  is  low-sulfur  oil  or  gas,  and 
sulfur  dioxide  is  added.     Sometimes  fly  ash  is 
added  to  the  scrubbing  liquor  together  with 
lime.     An  operation  at  a  given  set  of  conditions 
is  typically  for  five  days. 

Scrubbers  3,  4,  and  5  operated  in  the  closed 
loop < mode. 

If  we  could  regard  the  operation  at  Paddys 
Run  as  typical  of  conditions  to  be  encountered 
by  deaj^gpners  of  lime  scrubbers  for  wide 
distr^ution  in  the  eastern  United  States,  the 
perfor^nce  comparisions  among  the  above-named 
scrubbeVs  might  provide  an  adequate  technical 
base  for  design.     Unfortunately,  Paddys  Run  is 
not  typical.     The  coal  at  Paddys  Run  is 
unusually  low  in  chlorine  content,  and  the  lime 
used  is  a  by-product  of  acetylene  manufacture 
from  calcium  carbide.  \ 

By  an  unfortunate  coincidence,  Mitsui 
Miike*s  scrubber  is  unusual  in  just  these  same 
two  respects. 

Data  obtained  from  operation  of  scrubber  5 
has  recently  cast  important-  new  light  upon  the 
chemistry  of  lime  scrubbing,  especially  in 
explaining  scric  o£  the  difficulties  that 
scrubbing  experiments  have  encountered.  The 
data  reveal  that  presence  of  chloride  ion  in  the 
liquor  meikes  operation  in  the  unsattirated  mode 
more  difficult,  while  presence  of  magnesium  ion 
makes  such  operation  easier. 
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Although  scrubbers  3  and  4  operated  with 
liquors  containing  substantial  quantities  of 
both  chloride  and  magnesiiim  ions,  we  regard  the 
absence  of  ccxnmercial-scale  experience  with  a 
coal  of  moderate  to  high  chlorine  content  to 
represent  a  serious  deficiency  in  the  technical 
base  now  available  to  the  designer  of  a  scrubber 
for  medium  to'  high  sulfur  Coal.    This  judgment 
is  reijiforced  by  the  fact  that  the  degree  to 
which  sulfur  is  oxiclized  to  the  sulfate 
condition  in  the  Paddys  Run  scrubber  is 
remarkably  low,  between  about  1,5  to  3  percent. 
Oxidation  in  the  other  scrxibbers  is  higher,  and 
sometimes  markedly  so, '  As  noted  earlier, 
operation  in  the  unsaturated  mode  becomes  more 
difficult  the  higher  the  degree  of  oxidation, 

^Experience  can  and  should  be  obtained 
quickly  for  a  commercial  lime  scrubber  using 
liquor  that  contains  chloride  ion  at  a  high 
level.     For  example,  the  Paddys  Run 'scrubber 
could  be  operated  with  admixture  of  hydrogen 
chloride  gas  to  the  flue  gas  entering  the 
scrubber.     Any  test  of  an  operation  with  such  a 
liquor  should  provide  a  realistic  assessment  of 
the  problems  of  maintaining  ^  strictly  closed 
water  loop. 

Confidence  in  the  technical  base  could  be 
much  enhanced  by  operating  the  Paddys  Run 
scrubber  with  ordinary  lime  in  place  of  the 
carbide  lime  that  has  *been  used  in  operations  to 
date. 

Confidence  in  the  technical  base  could  also 
be  much  enhanced  if  further  experimentation  at 
the  bench  or  pilot  §caJLe  can  reveal  what, 
variables  are  important  in  promoting  or 
miniiftizing  oxidation  of  sulfur  to  sulfate  in  the 
scrubbing  liquor.     Quantitative  relations 
connecting  the  variabl€«a  to  the  oxidation  level 
would  be  of  great  vaclue.     At  present,  we  cannot 
be  sure  that  we  can  write  down  a  complete  list 
of  the  important  variables,  and  quantitative 
relationships  are  cojnpletely  lacking. 

We  reiterate,  however,  that  lime  scrubbing- 
in  tiie  unsaturated  mode  is  furthest  along  in  its 
development,     A  resolution  of  the  question  of 
its  commercial  viability  can  be  acquired  soon, 
through  easily  obtciined  commercial  experience 
that  will  allow  adequate  performance  comparisons 
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among  bench,  pilot,  and  commercial  units.  The 
probability  that  the  question  will  be  answered 
favorably  is  a  matter  for  engineering  judgment 
in  light  of  the  now  available  chemical  knowledge 
and  performance  comparisons.  Some  of  us  judge 
the  probability  to  be  90  percent,  while  one 
member  judges  it  at  70  percent. 


Lime  Scrubbing  in  the  Supersaturated  Mode 

A  large  scrubber   (of  a  novel,  horizontal 
design)   has  operated  in  the  supersaturated  mode 
at  Mohave  Station  of  Southern  California  Edison 
Co.     The  coal  is  of' unusually  low  sulfur 
content,  and  the  system  is  yet  untried  on  medium 
or  high  sulfur  coals,  for  which  design  is  more 
difficult. 

EPA's  10-Mw  lime  scrubber  at  TVA's  Shawnee 
station  has  usually  operated  in  the 
supersaturated  mode,  and  the  operators  regard 
its  performance  as  successful,  although  there 
has  been  trouble  at  the  mist  eliminators. 

No  recent  commercial  experience  is  available 
for  comparison  with  the  10-Mw  results.  Although 
operation  of  the  Fulham  station  lime  scrubbers 
in  England  in  the  late  1930s  was  reportedly 
successful,  information  on  this  operation  is  not 
sufficient  to  provide  a  basis  for  modern 
scrubber  design. 

Some  workers  take  the  view  that  operation 
far  into  the  supersaturated  mode,  at  a  high 
degree  of  oxidation,  will  be  possible  even  in 
the  closed  loop  mode  if  the  scrubber  is ^esi^r«^ 
physically  to' operate  without  trouble  from  ^ 
gypsum  deposits,   'such  a  mode  of  operation  would 
reqiiire  a  new  path  of  development  that  might  be 
said  to  have  only  barely  been  begtm. 


Limestone  Scrubbing  in  the  Supersaturated  Mode 

The  sucessful  operation  of  a  large  limestone 
scrubber  at  the  Cholla  Station  of  Arizona  Public 
Service  contributes  relatively  little  to  the 
technical  base  for  design  of  scrubbers  for 
medium  or  high  sulfur  coals,  because  of  the  low 
sulfur  in  the  coal  burned  at  Cholla"*  station. 
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The  operation  is  closed  loop,  but  experiences 
water  loss  by  evaporation  from  the  sludge  pond. 

Large  limestone  scrubbers  (of  sitnilar 
design)  are  operating  at  Commonwealth  Edison's 
Will  County  Station' and  at  Kansas  City  Power  8 
Light's  LaCygne  station.     Both  systems  operate 
in  the  open  loop  mode,     Availability  of  the  Will 
County  scrubber  has  recently  been  good,  but  the 
operation  now  blends  Western  low  sulfur  coal 
into  high  sulfur  Illinois  coal,  to  provide  a 
fuel  at  an  average  sulfur  level  of  about  1,5 
percent.    The  LaCygne  operation  is  on  coal 
containing  5,S  percent  sulfur,  and  is  subject  to 
fouling  and  plugging  that  is  dealt  with  by 
cleauiing  out  each  of  sev^n  scrubbing  modules 
about  once  every  five  nights, 

EPA '8  nominally  lO-Mw  pilot  limestone 
scrubbing  system  (at  TVA«s  Shawnee  Station)  has 
operated  in  the  closed  loop,  supersaturated 
mode.     The  ratio  of  liquor  flow  to  gas  flow  is 
considerably  higher  than  in  the  Will  County- 
LaCygne  design.     There  is  a  higher  content*  of 
solids  in  the  liquor,     A  longer  time  is  allowed 
for  reaction  of  limestone  with  the  spent  liquor. 
The  gas  velocity  in  the  scrubber  is  reduced, 
thereby  derating  the  unit  to  about  7-Mw,  These 
conditions  are  closely  comparable  to  conditions 
reported  to  have  been  successful  in  operating 
limestone  scrubbers  in  the  closed  loop  mode  at 
Pulham  Station  in  England  in  the  late  1930s, 

No  recent  commercial  experience  is  available 
for  comparison  with  the  10-Mw  results, 

TVA's  1-Mw  bench  limestone  scrubber  at  TVA's 
CoTbert  Statiori  has  bpefated^^  with  a 

novel  mist  eliminator  whose  design  prevents  wash 
liquor   (used  to  keep  the  mist  eliminator  clear) 
from  entering  the  main  flow  of  scrubbing  liquor. 
Commercial  experience  for  comparison  with  the  1- 
Mw  results  will  be  obtained  at  TVA's  Widows 
Creek  Station, 

Limestone  scrubbers  iri  Japan  commonly 
operate  with  high  degrees  of  oxidation  of  sulfur 
to.sulf^i-e  and  high  supersaturatibn  of  the  ^ 
scrubbing  liquor.     In  these  units,  the  objective 
is  to  produce  gypsum  for  wallboard  manufacture. 
The  operations  are  open  loop.     The  Mitsui  Miike 
unit  cited  earlier  has  recently  converted  to 
limestone.     Several  other  cbal-fired  units  have 
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recently  begurv  to  operate,  or  are  about  to 
operate,  with  limestone  scrubbing  systems. 

As  mentioned  earlier  in  connection  with  lime 
scrubbing,   some  workers  take  the  view  that 
operation  far  into  the  supersaturated  mode,  at  a 
high  degree  of  oxidation,  will  be  possible  if 
the  scrubber  is  designed  to  accomodate 
deposition  of  gypsum.     The  operation  would  be 
closed  loop,  unlike  the  systems  in  Japan,     A  new 
path  of  development  would  be  required  to  provide 
the  proposed  mode  of  operation. 


Limestone  Scrubbing  in  the  Unsaturated  Mode 

Limestone  scrubbing  in  the  unsaturated  mude 
has  been  demonstrated  in  EPA's  tiny  bench  unit 
at  Research  Triangle  Park,     There  is  general 
agreement  that  operation  in  the  unsaturated  mode 
will  be  much  more  difficult  for  limestone 
scrubbing  than  for  a  lime  system.     This  option 
could  not  be  taken  seriously  until  it  has  been 
demonstrated  on  a  scale  larger  than  the  0, 1-^5w 
bench  unit. 


Availability  of  Lime 
and  Limestone  Scriibber  Technology 

Commercial  lime  scrubbers  for  an  "Eastern 
United  States  utility  coal  medium  in  sulfur  (1 
to  3  percent)   and  low  in  chlorine  (less  than 
0,0U  percent)   can  be  ojrdered  today  with 
reasonable  confidence, 

No  commercial  experience  is  available  ^wMp^ 
lime  scrubber  on  commonly  occurring  coal  botn 
medium  or  high  in  sulfur  and  higher  th^n  0,04 
percent  in  chlorine.     Chlorine  is  known  to 
interfere  with  the  lime  scruober  chemistry  and 
tc  make  operation  more  difficult.  Experience 
can  and  should  be  obtained  quickly  for  medium 
and  high  sulfur  coals  containing  chlorine  beyond 
0,04  percent.     The  experience  would  resolve  the 
issue  of  commercial  availability  of  lime 
scrubbers  for  these  coals.     The  probability  that 
the  issue  will  be  resolved  favorably  is  a  matter 
for  engineering  judgment  in  light  of  data  now 
available  from  1,0  and  10  Mw  lime  scrubbers,' 
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Some  engineer  memberQ  of  the  Committee  felt  the 
probability  to  be  90  percent^  while  one  member 
judged  it  at  70  percent. 

No  other  scrubbing  technology  is  available 
for  order  today  with  confidence  for  Eastern 
United  States  coals  medium  or  high  in  sulfur. 
Other  scrubbing  techniques  await  commercial 
demonstration  on  such  coals. 


Regenerative  Flue  Gas  Desulf urization  Processes 

The  Wellman-Lord  and  magnesium  oxide  pro- 
cessesr  both  of  which  recover  a  useful  by- 
productr  are  now  being  installed  in  high  sulfur 
coal  plants.     Successful  operation  of  these 
plants  would  r^resent  a  major  advance  in  FGD 
technology^  in^hat  a  proven  regenerable  process 
would  now  be  available.     In  addition,  there  is  a 
non-regenerable  process ,  sodium  carbonate, 
operating  on  low  sulfur  western  coal. 

There  is  substantial  successful  FGD  ex- 
perience in  Japan,  but  it  is  not  directly 
applicable  because  the  installations  are  not 
coal  fired  and  operate  in  an  open  loop  mode 
which  permits  discharge  of  untreated  water  to 
the  environment.     Within  the  U.S.  there  are 
several  Wellman-Lord  processes  installed  in  the 
petroleum/petrochemical  industry  for  sulfur 
recovery.     These  are  operating  successfully. 


The  installed  cost  of  a  lime  scrubbing  FGD 
system  ordered  today  for  a  new  coal  fired  plant 
will  be  about  $100/kw.     The  installation  cost 
could  be  as  low  as  $60/kw  or  as  high  as  $130/kw. 
The  .estimated  operating  costs  for  lime  FGD 
systems  are     3  to  6  mills/kwh,  including  ponding 
of  sludge,  energy  loss,  and  capacity  derating. 
About  one  half  this  operating  cost  is  capital 
charges.     If  expensive  pond  facilities  (e.g., 
plastic  lined)   are  required,  as  opposed  to  a 
clay  lined  pond,  an  additional  charge  of  up  to 
0.7  mills/kwh  would  result.     Chemical  fixation, 
if  used  or  needed,  could  raise  the  3  to  6  ^ 
mills/kwh  by  0  to  1.0  mills/kwh.     There  is 
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considerable  uncertainty  in  fixation  costs, 
because  of  limited  experience  with  the 
processes.     Other  FGD  processes,  limestone, 
Wellman  Lord,  etc.    will  require  about  the  same 
capital  cost  as  lime.     If  the  cost  of  sludge 
disposal  becomes  large  enough,  say  about  2 
mills/kwh,  a  regenerable  process  with  by-product 
credit  would  have  a  potentially  significant 
economic  advantage. 


Residuals  Produced  from  Flue  Gas  Desulfurization 

Particulate  concentrations  leaving  a  FGD 
system  are  typically  .01  to  .02  grains/SCF  which 
is  adequate  to  meet  air  quality  criteria.  Some 
very  limited  data  suggests  that  about  40  percent 
of  the  particulates  leaving  a  scrubber  are 
sulfates  (calcium,  magnesium)   and  not  fly  ash. 

A  typical  1000  E4W  power  plant  will  generate 
about  1,185,000  tons/year  of  fly  ash  and  sludge 
for  disposal  (wet  basis) .     This  requires,  over 
the  lifetime  of  the  plant,  about  377  acres  over 
the  life  of  the  plant  for  disposal  compared  with 
108  acres  for  disposal  of  fly  ash  only.     The  377 
acres  is  of  the  same  order  of  magnitude  as  that 
required  for  the  power  generation  facilities. 
Chemical  fixation  is  now  being  developed  to 
produce  a  stabilized  material  with  low 
permeability  and  lea^chability.     Tests  on 
commercial  scale  modules  are  now  underway  in 
several  locations  to  further  evaluate  fixation 
process e^^^  and  potential  seconda^^  polTutiibh 
problems.     Results  are  reported  to  be 
encouraging. 

Capability  of  Vendors  and  Utility  Companies 

There  are  about  3  to  5  vendors  who  have  sub- 
stantial commercial  experience  in  FGD 
installations  and  another  10  or  so  who  have 
capabilities  in  this  area.     Estimates  have  been 
made  that  each  vendor  can  design  and  install  3 
to  5  FGD  systems  per  year.     The  EPA  has 
estimated  that  90,000  MW  of  FGD  systems  are 
needed  by  1980  to  control  sulfur  dioxide 
emissions  from  coal,  filled  plants*     There  are  now 
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17  systems  under  construction  and  63  planned — a 
total  of  37^000  MW  of  generating  capacity,  it 
vdll  be  difficult  to  meet  the  target  of  90.000 
MW  by  1980. 

There  is  also  a  potential  scarcity  of  en- 
gineering manpower  to  design  and  construct  the 
FGD  systems.     The  utility  companies  for  the  most 
part  do  not  have  on  their  plant  staffs  skilled 
process  engineers  who  can  provide  the  technical 
service  so  necessary  to  make  an  FGD  system,  once 
installed,  operate  successfully. 


CONTROL  OF  AMBIENT  SULFUR  DIOXIDE  CONCENTRATIONS 
WITH  TALL  SLACKS  AND/OR  INTERMITTENT  CONTROL  SYSTEMS 

Temporal  emission  controls  for  reducing 
ambient  sulfur  dioxide  levels,  otherwise  known 
as  intermittent  control  systems   (ICS) ,  have  bfeen 
recognized  as  a  viable  air  pollution  control 
technique  in  this  country  only  for  certain 
limited  situations,  and  have  been  the  focus  of  a 
lively  debate  between  various  regulatory 
agencies  and  some  parts  of  the  electric  utility 
industry.     The  term  "ICS"  refers  to  a  system  of 
control  vrhereby  the  rate  of  emissions  from  a 
pollutant  source  is  curtailed  when 
meteorological  conditions  conducive  to  ground- 
level  pollutant  concentrations  in  excess  of  the 
ambient  standard  exist  or  are  anticipated  to 
occur.     For  power  plants,  two  intermittent 
control  strategies  are  potentially  available: 
(1)   fuel  switching,  i.e.,  burning  a  temporary 
supply  of  low  sulfur  fuel;  or   (b)  load 
switching,  i.e.,  switching  a  portion  of  the 
electrical  load  to  an  interconnected  generating 
station  with  available  capacity  in  excess  of 
demand. 

Tall  stacks  are  inherently  an  integral  part 
of  ICS  programs,  since  increased  stack  height 
can  yield  a  decreased  need  for  intermittent 
emission  reductions.     For  example,  at  its 
Kingston  Steam  Plant,  TVA  suggests  that 
anticipated  average  yearly  requirements  for  ICS 
measures  will  drop  from  55  days  per  year  (with  a 
7-hour  average  duration)   for  the  plant's  current 
stack  configuration   (four  250-foot  stacks  and 
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five  3p0-=foot  stacks)  to  zero  days  per  ye^r  for 
two  1000-foot  stacks. 


Legal  Background 

The  application  of  tall  otack/ICS  meaaureo 
for  dispersal  of  sOx'  pollutants  can  be  effective 
in  reducing  ground-level  sulfur  dioxide  con-  \ 
cefttrations  in  the  vicinity  of  power  plants 
burning  high  sulfur  coals  and  oil.     RoweVer,  on 
the  basis  of  long-term  averages,  such  measures 
provide  generally  negligible  reductions  in  the 
amount  of  pollutants  emitted.     It  is  principally 
for  this  reason  that  the  Environmental 
Protection  Agency  considers  constant  emission 
reduction  techniques  far  superior  to  dispersion 
strategies.    EPA  claims  thajdispersion  concept 
is  not  compatible  with  the  Clean  Air  Act 
requirement  that  constant  emission  limitations 
be  enforced  whenever  possible.     In  the  most 
significant  legal  decision  to  date  on  this 
subject.  Natural  Resources  Defense  council  v*. 
EPj\,  the  5th  Circuit  Court  of  Appeals  upheld 
this  contention,  ruling  that  there  is  an  express 
Congressional  mandate  in  the  1970  Clean  Air  Act 
amendments  that  emission  reduction  is  the 
preferred  method  of  meeting  cunbient  pollutant 
standards.    A  case  addressing  this  same  issue 
(Tennessee  Valley  Authority  v.  EPA)   is  currently 
in  the  6th  Circuit  Court  of  Appeals.  More 
recent  legislation,  the  Energy  Supply  and 
Environmental  Coordination  Act  of  1974   (ESECA) , 
provides  additional  insight  into  Congressional 
intent  regarding  implementation  of  tall  stack- " 
ICS  technology.     According  to  language  contained 
in  ESECA,  the  application  of  ICS  technology  is 
permitted  only  Under  certain  circumstances;  for 
example,  these  sys;t;ems  can  sometimes  be  used  to 
comply  with  interim  control  requirements  when 
extensions  of  time  are  granted  to  utilities  to 
meet  emission  standards. 

Although  recent  cou|rt  decisions,  EPA  regu- 
lations, and  ESECA  suggest  otherwise,  this 
evaluation  of  tall  stack-ICS  technology  was 
undertaken  tinder  the  assumption  that  this 
technique  could  become  a  legally  permissible 
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method  of  controlling  QUlfur  dioxide 
concent rati ono.     This  is  becauQe: 

(1)  ICS  meaoareo  could  provide  an  alternate 
meano  of  attaining  and  maintaining  sulfur 
dioxide  ambient  air  quality  standards,  inde- 
pendent of  reliance  on  flue  gas  desolf urization 
(FGD)   technology  or  use  of  low  sulfur  fuelo. 

(2)  Implementation  of  these  oystemQ  .could 
result  in  attainment  of  existing  ambient 
standards  in  a  shorter  period  of  time  than  would 
otherwise  be  possible. 

(3)  These  measures  could  be  important 
interim  techniques,  given  limitations  on 
availability  of  FGD  systems  and  low  sulfur  fuels 
ovar  the  next  few  years,  given  the  difficulty  in 
retrofitting  some  facilities  with  FGD  systems, 
and  given  distribution  and  allocation  problems 
associated  with  low  sulfur  fuels • 


Assessment  of  Intermittent  Control  Systems  (ICS) 

Assessments  of  four  aspects  of  ICS 
technology  are  offered,  including  an  analysis  of 
system  performance,  potential  implementation, 
cost,  and  secondary  environmental  impacts^ 


Performance  ; 

A  number  of  different  types  of  potential  ICS 
applications  exist,  ^with  individual  situations 
requiring   ta)   various  degrees  of  difficulty  in 
air  quality  modeling  and  forecasting,  (b) 
different  problems  in  rrtonitoring  actual  air 
quality,  and  (c)  assorted  frequencies  and 
severities  of  required  emission  reductions. 
Operating  tall  stack-ICS  systems  have  generally 
proven  effective  in  reducing  the  number  and  ex- 
tent of  excess  concentrations  of  sulfur  dioxide 
in  the  vicinity  of  single  sOx  sources.  However, 
for  operating  systems  for  which  data  are 
currently  available,  only  the  TVA  Paradise  Steam 
Plant  ICS  installation  appears  to  be  meeting  all 
air  quality  objectives  for  the  time  period 
considered.     This  is  due  to  the  fact  that  the 
Paradise  plant,  according  to  indicators  which 
measure  the  degree  (5f^ difficulty  associated  with 
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a  given  applicat>ion  of  ICS  technology^  is 
located  where  relatively  f ew^  problems  would  be 
anticipated  in  implementing  ICS  control. 


Constraints'  on  ICS  Control  Implementation 

Availability  of  control  by-  tall  stack-ICS 
methods  Xs  a  function  of  stack  and  emission 
parameters^  as  well  as  local  meteorology  and 
terrain.     For  nine  TVA  power^^  plants  under 
different  sets  of  conditions reduced  emissions 
are  called  for  between  0.1  to  4.4  percent  of  the 
time^  on  an  hours  per  year,  basis.  These 
decreases  in  emissions  must  be  supplie^^  either 
byXload  shifting  or  fuel  shifting;  a  number  of 
con^^aints  apply  concerning  each'Of  these 
technljques  which  limit  the  potential  for ■ 
emission  reductions  by  these  iiyethods  at  various 
plants.  : 

Costs  ^     .  I 

Costs  for  implementing  the  tall  stack-ICS 
approach  are  significantly  lesg  than  the  costs 
involved  in  'installing  FGD  S-ystems,  both  in 
terms  of  capital  and  annual  c^t  requirements. 
Based  on  TVA  operating  experience,  with  an 
expanded  cost  range^  to  allow  for  the  different 
conditions  that  may  tie  confronted,  costs  for  ICS 
control  can  be  expected  to  be  as  follows: 

Capital  costs      "       =        $4  -  10/kw 

Operating 
costs,  io- 

eluding  annualized  ] 

capital  charges   ,      =      |0.1§  -  0.4  mills/kwh 
Agency  costs  for  monitoring  an)d  enforcement  of 
ICS  systems  represent  a  secOpdary  cost  of 
control,  not  included  in  the  estimates  above. 


Secondary  Environmental  Impact 

Much  of  the  controversy  surrounding  im- 
plementation of  the  tall  stack-ICS  approach  is 
associated  with  the  impact  of  this  .technology  on 
acid-sulfate  particulate  matter  formation^  and 


effects  of  these  sulfates  on  health,  welfare,  ^ 
and  aesthetics.     These  matters  are  discussed 
elsewhere  in  this  report,     it  is  ishportant  to 
note  here  that  Appliccition  of  tall  stack-ICS 
techn<jlogy  does  not  significantly  reduce  total 
emissions  of  sulfur  oxides;  hence,  this  strategy 
does  not  'decrease  ambient  sulfate 
cohcentrations,     so  ambient  sulfate  con- 
centrations will  not  be  reduced. 

Enforcement 

% 

An  important  issue  regarding  |Lmplementation 
of  ICS  technology  concerns  the  lel^al  enforce- 
ability of  these  systems.     Recently  proposed  EPA 
regulations  for  ICS  control  place  particular 
emphasis  on  enforoemept  of  violations  of 
emission  limitations  included  .within  an  approved 
operational,  manual  for  each  system,  as  well  as 
enforcement  based  on  violations  of  ambient 
sulfur  dioxide  standards.     Enforcement  based  on 
this  dual  concept,  which  was  not  done 
previously,  should  be  more  effective  than 
enforcement*  based  on  violations  of  ambient  stan-, 
dards  ^lone,  %jny  elements  of 'the  enforcement 
proce^dure  can  Be  established  prior  to  approval 
of  ""tbe  ICS  approach  by  the  control  agency. 


Public  Policy  Toward  Tall  Stack-ICS  Control 

A  potential  compironfiise  position  regarding 
public  policy;  towar^d  tall  stack-ICS  technology 
is  as  follows:  the  technology  should  not  yet  be 
accepted  as  a  permanent  control  technique 
because  of  the  probability  of  substantial 
potential  risks  due  to  increased  sulfur  dioxide 
atmospheric  loading's  and  hence,  of  sulfates  ^ 
downwind.     At  the  same  time,  the  technology 
could  be  implemented  as  an  interim  control 
measure  in  carefully  defined  situations  because 
it  permits  ambient  standards  to  be  met  while  ^ 
continuous  controls  are  implemented,  and  because 
it  would  help  reduce  the  current  clean  fuels 
deficit. 


OTHER  TECHNIQUES  FOR  pEDOCTION 
OF  SULFUR  IN  THE  ATMOSPHERE 


The  options  immediately  available  to  the 
utility  industry  for  greatly  reducing  sulfur 
emissions  to  the  atmosphere  are  severely 
limited.    They  are  restricted  to  stack  scrubbing 
and  shifting  to  low  sulfur  fuels.    A  number  of 
advanced  technologies  that  will  bear 
significantly  on  the  problem  are  now  under  in- 
vestigation^ but  they  will  not  have  reached  the 
stage  of  commercial  deployment  until  the  early 
to  mid  1980s.     Several  elements  of  our  national 
energy  position  will  tend  to  increase  the  amount 
of  sulfur  emitted  to  the  atmosphere. 

Existing  and  projected  shortages  of  natural 
gas  will  reduce  the  amount  of  clean  fuel   (low  in 
sulfur,  lotw  in  particulatos)  available  for 
electric  utility  use.     Domestic  petroleum 
production  has  not  been  able  to  m§^t  domestic 
demand  for  a  number  of  years  and  new  national 
policies  are  aimed  at  further  reducing  the 
imports  that  have  made  up  the  deficit.     As  a 
result  the  electric  utility  industry  will  have 
even  less  petroleum  to  use  in  the  future  than  it 
has  in  the  past.    These  factors  will  tend  to 
increase  total  sulfur  emissions  from  power 
plants. 

Nuclear  capacity,  which  had  been  projected 
to  rifee  sharply  between  npw  and  1985,,  will,  as  a 
result  ot  recent  decisions  delaying  its 
installation  made  by  utility  companies,  fall  far 
short  of  early  projections.     Estimates  by  the 
Atomic  Energy  Commission  in  1972  placed  1985 
nuclear  capacity  at  approximately  250,000  Mwe. 
It  now  Appears  likely  that  actual  capacity  in 
that  year  will  not  exceed  120,000  Mwe.     If  the 
growth  in  total  electrical  demand  does  not 
decrease  proportionately,  this  will  throw  an 
increased  burdeh  on  coal  to  the  degree  that  the 
decrease  in  nuclear  capacity  exceeds  the 
decrease  in  electrical  demand  from  earlier 
forecasts.     Much  of  the  delayed  capacity  is  in 
the  eastern  part  of  the  United  States  where  low 
sulfur  fuels  are  not  readily  available. 

A  range  of  actions  are  available  to  state 
and  federal  governments  that  could  result  in 
reversing  the  downward  trend  in  expected 
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additions  to  nuclear  capacity  and  recapturing  a 
substantial  portipn  of  the  capacity  that.-^jj.s  now 
being  delayed^    This  could  result  in  a  ^'iSiri^uction 
in  coal  consumption  of  75  million  tons  in  1980 
and  very  substantial  additional  tonnage  by  1985. 
If  these  actions  are  not  taken,  sulfur  emissions 
may  b^  expected  to  increase. 

Eastern  low-sulfur  coal  reserves  are  large 
but  mujch  of  the  reserves  are  held  for 
metallurgical  use,  and  are  not  available  to  the 
electric  industry.     Existing  production  capacity 
for  these  low-sulfur  coals  is  inadequate  and  is 
likely  to  remain  so.     By  shifting  available  low* 
sulfur  coal  to  plants  not  meeting  primary 
standards  from  plants  which  could  burn  higher 
s'ulfur  coal  and  still  meet  the  primary 
standards,'  $ome  reduction  in  violations  of 
existing  ambient  air  quality  standards  could  be 
achieved.     it  is  estimated  that  a  shift  bf  alpout 
36  million  tons  could  be  made  to  reduce  the 
tonnage  in  violation  by  about  15  percent.  Low 
sulfur  western  coals  will  be  usable  in  new  coal 
fired  plants  designed  to  burn  them  if 
transportation  capaci^  is  increased  but  their 
use  in  retrofitted  plants  will  be  limited. 

A  number  of  technologies  may  be  available  in 
future  years  that  could  favorably  impact  on 
sulfur  emissions. 

A  low  sulfur-low  ash  product  can  be  produced 
from  coal;  commercial   (solvent  refining)  plants 
to  do  so  may  be  in  operation  by  1982-83.  The 
products  made  from  a  coal^with  costs  of  80  cents 
per  million  BTU  are  estimated  to  cost  in  the 
range  of  $1.7$  to  $2.00  per  million  BTU. 
Alternatively,  a  low  BTU-low  sulfur  gas  can  be 
made  from  coal   (80  cents  per  million  BTU)  with 
costs  in  approximately  the  same  range. 
Commercial  plants  making  gas  may  be  operational 
in  1981  or  1982. 

High  sulfur  coals  may  be  burned  directly  in 
an  environmentally  acceptable  way  in  a  fluidized 
bed  opferated  either  at  atmospheric  or  elevated 
pressure.     A  full  scale  unit  designed  for 
atmospheric  pressure  could  be  in  operation  by 
1980  or  1981  and  a  pressurized  unit 
approximately  two  years  later.     If  fluidized  bed 
combustion  can  be 'successfully  developed,  it 
should  produce  a  clean  fuel  for  boiler  use  that 


is  lesa  costly  than  either  a  low  sulfur-low  ash 
coal  or  low  BTU-low  sulfur  gas  produced  from 
coal. 

Proven  conventional  coal  cleaning  methods 
can  reduce  the  sulfur  content  of  coal  signifi- 
cantly.    However,  unless  the  original  sulfur 
content  is  already  low  enough  to  nearly  meet  the 
^Ifur  oxide  emission  standards,  conventional 
coal  cleaning  methods  will  not  bring  most  coals 
into  compliance.     Advanced  coal  cleaning  methods 
may  be  able  to  increase  the  amount  of  sulfur  and 
ash  removed  but  all  of  the  processes  are  in 
their  early  stages  of  development  and  many  may 
be  high  cost  for  the  extra  sulfur  removal  tha^ 
is  accomplished. 

H^tJtiods  of  generating  electricity  at  in- 
cr^^t^d  efficiencies   (in  order  to  reduce  the 
Jpq^^^i$^$^n  load  per  unit  of  electricity 
%dnerated)   are  not  expected  to  come  into 
widespread  use  until  1985  or  later.  As 
important  as  it  is  to  continue  R&D  on  these 
advanced  power  cycles,  they  offer  no  solution 
for  reducing  sulfutr  oxide  or  particulate  emis- 
sions in  the  period  between  1975  and  1985. 

For  many  uses,  particularly  in  new 
installations,  either  electrici^:y  or  a  pipeline 
gas  made  from  coal  could  be  used  to  supply 
energy  requirements.''  The  choice  of  which  route 
to  select  should  be  based  on  supplying  energy  at 
the  lowest  marginal  cost  to  the  user. 

Pipeline  gas   (of  heat  content  of 
approximately  lOOOBTU/cu  ft)   from  coal  can  be 
produced  at  the  gasification  plant  by  the  early 
1980s  for  approximately  $2.50  to  $3.0l)  per 
million  BTU.     Electricity  produced  at  a  new 
coal-fired  base  load  plant   (equipped  with  air 
and  water  pollution  controls)   would  cost  about 
2.6  cents  per  kwh  or  $8.10  per  million  BTU. 
With  resistance  heating   (100  percent  conversion 
of  electricity  to  useful  heat)   electricity  costs 
♦would  be  approximately  twice  that  of  gas  from 
coal   (excluding  transmission  and  distribution 
costs  for  both  fuels) .     Under  the  same 
assumption,  with  a  heat  ptimp  with  a  seasonal 
performance  factor  of  2,  electricity  would  cost 
30  to  60  percent  more  than  gas. 

Total  costs  to  the  consumer  for  electricity 
(after  adjusting  transmission  and  distribution 
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coQto ^upward  by  50  percent  over  the  1968  costs) 
using  resistance  heating  (at  100  percent 
efficiency)  would  be  about  $12,80  per  million 
BTU,  or  from  100  percent  to  120  percent  more 
than  gas  made  from  coal.     If  a  heat  pump  were 
used  (with  a  seasonal  performance  factor  of  2) 
the  cost  would  be ^ about  $6.ao  per  million  BTU, 
or  about  the  same,  for  the  same  usable  BTUs,  as 
gas  made  from  coal. 

Solar  heating  of  domestic  hot  water  is  tech- 
nologically feasible  and  probably  economic  in 
many  areas  of  the  country  now.     If  institutional 
barriers  to  it©  widespread  deployment  are 
overcome,  it  would  reduce  the  use  of  coal  for 
generation  of  electricity  and  release  natural 
gas  for  other  purposes  and  thus  make  a 
measurable  contribution  to  air  quality. 

ANALYSIS  OF  ALTERNATIVE  STRATEGIES 

The  basic  question  addressed  in  analyzing 
alternatives  is  whether  the  benefits  from  sulfur 
oxide  removal  by  such  means  as  flue  gas  de- 
sulfurization  or  switching  to  lo»-sulfur  coal  " 
justify  the,  additional  increment  of  cost  in 
electricity  generation.     This  question  is 
addressed  by  examining  representative  values  of 
the  ec6nomic  and  emissions-related 
characteristics  for  different  generic  classes  of 
power  plants.     The  increase  in  cost  of 
electricity  is  contpared  with  the  social  benefit 
acheived  through  reduction^#'n  sulfur  oxide 
emissions^ to  find  the  value  at  which  a  switch  in 
abatemen^.^^chniques  is  advisable. 

In  this  report  a  comprehensive  cost- benefit 
formulaition  is  proposed,  iliustratetj  by  tjie 
diagram  of  Figure  t^-1.     The  intention  of  this 
formulation  is  to  provide  a  methodology  in  which 
the  influence  of  the  various  factors  on  the 
decision  is  made  readily  apparent.  This 
methodology  is  available  for  analyzing  the 
decision  among  abatement  strategies  on  a  case  ^by 
case  basis'  in  cost-benefit  terms.     The  marginal 
increase  in  the  cost  of  electricity  is  compared 
to  the  marginal  benefit  per  pound  of  sulfur 
oxide  emission  reduction  achieved,  for  each 
alternative  strategy,     x^is  methodology  can  be 
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used  to  determine  priorities  for  implementation 
of  a±)atement  technologies. 

The  accuracy  of  model  studies  depends  on 
inclusion  and  accurate  description  of  all 
important  cause-and-eff ect  relationships*  The 
limited  information  presently  available  makes 
decisions  among  strategy  alternatives  difficult. 
The  use  of  models  is  more  to  enhance 
understanding  of  the  relative  importances  of  the 
j/arious  factors  that  affect  the  decision  than  to 
determine  with  precision  what  is  the  optimum 
strategy.     if  changing  a  factor  in  the  analysis 
within  its  range  of  uncertainty  leads  to  a 
change  in  the  preferred  strategy  alternative, 
then  that  uncertainty  would  clearly  be  worth 
something  to  resolve  before  a  commitment  to  a 
particular  strategy  is  taken.     Likewise,   it  may 
be  that  despite  uncertainties  in  many  factors, 
one  alternative  appears^^  sufficiently  better  than 
the  others  that  a  commitment  now  appears 
preferable  to  the  costs  incurred  by  defe£-ring 
the  decision.     The  purpose  of  the  analysis  is  to 
enhance  understanding  of  a  complex  problem, 
including  the  ^effects  of  the  uncertainty  upon 
the  decision.     While  specific  numbers  are  used 
to  illustrate  the  calculations,   it  should  be 
appreciated  that  many  of  the  numbers  and 
relationships  in  the  model  are  uncertain,  and 
subject  to  considerable  change  as  additional 
information  becomes  available.     The  analysis 
should  be  taken  as  a  method  for  organizing  and 
trying  to  place  in  perspective  the  information 
presently  available  to  serve  as  a  basis  for 
decision  making  on  sulfur  oxide  emissions 
control. 


For  a  specific  power  plant,  differences  in 
fuel  availability  and  price,  plant  loading, 
plant  age,  and  the  economics  of  abatement 
strategies  may  differ  considerably  from  the 
representative  values  used  in  the  analysis. 
Hence  the  marginal  cost, of  emissions  reduction 
per  pound  of  sulfur  removed  may  differ 
appreciably  from  the  values  used  in  the 


The  Need  to  Consider  Decisions 
on  a  Case  by  Case  Basis 


2Gr> 


223 


calculations  of  Chapter  13,     The  calculation  of 
marginal  costs  of  sulfur  oxide  abatement 
strategies  should  be  based  on  the  particular 
econ6mic  and  technical  factors  for  each^ 
individual  power  plant. 

The  consequences  of  emissions  may  vary  con- 
siderably from  one  power  plant  location  to 
another,  and  these  differences  should  also  be 
taken  into  account  in  the  decision  among 
alternative  strategies.     The  relation  between 
emissions  of  sulfur  oxides  and  ambient  levels  of 
sulfur  dioxide  and  sulfates,  and  the  potential 
for  damage  to  human  health,  vegetation  and  other 
ecological  systems,  material  property,  and 
aesthetic  values  will  in  general  differ  as  a 
result  of  regional  and  local  factors.     As  a 
result,  the  value  of  reducing  emissions  should 
be  assessed  separately  for  different  power 
plants.     At  some  locations  the  value  per  pound 
of  emissions  rieduction  may  be  judged  much  higher 
than  at  other  locations. ^ 

Another  reason  for  examining  the  emissions 
control  decision  on  a  regional  and  local  basis 
is  that  limited  resources  are  available  to 
implement  quickly  the  widespread  use  of  low 
sulfur  coal  or  stack  gas  scrubbing.  Scrubbing 
equipment  should  be  installed  first  in  those 
situations  where  the  benefits  of  emissions 
abatement  exceed  the  costs  by  the  greatest 
amount,  and  thereafter  should  be  installed  on 
other  plants^ where  the  benefits  are  judged  to 
exceed  the  costs r  as  the  equipment  becomes 
available. 


Assessing  the  Value  of  Sulfur  Oxide 
Emissions  Reduction 

The  assessment  of  the  deleterious 
consequences  of  sulfur  oxide  emissions  to  human 
health,  vegetation  and  living  systems,  material 
property  and  aesthetic  values  is  difficult. 
Decisions  on  emissions  control  strategy  require 
a  trade-off  between  eliminatljing  emissions  and 
increasing  the  cost  of  producing  electricity. 
It  is  better  to  have  explicit  judgments  stated 
for  these  trade-offs  so  tJ^t  emissions  control 
decisions  can  be  made  on  a  consistent  basis  that 
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takes  into  account  variations  in  local  and 
regional  oituations^  and  so  that  the  affected 
parties  (utilities^  consumers  of  electricity^ 
those  impacted  by  the  consequence  of  the 
emissions)   are  aware  of  the  basis  on  which 
emissions  control  priorities  are  being  set. 
Hence ^  it  is  highly  advis<able  to  carry  out  an 
assessment  of  pollution  consequences  in  monetary 
termi^t  that  is^  per  pound  of  sulfur  oxides 
emitted.     These  assessments  should  reflect  the 
price  that  society  is  willing  to  pay  in 
increased  electricity  costs  to  reduce  sulfur 
emissions. 

For  the  analysis  described  in  Chapter  13 
three  generic  cases  were  used  to  illustrate  how 
this  methodology  might  be  put  into  effect:  a 
representative  existing  plant  in  a  remote  rural 
location  (e.g. ^  the  Eastern  Ohio-Western 
Pennsylvania- West  Virginia  area) ,  a  new  plant  to 
be  constructed  in  the  remote  rural  location^  and 
an  oil  fired  plant  located  in  the  vicinity  of  a 
major  metropolitan  area  such  as  New  York  that 
might  be  converted  back  to  coal.     To  the  extent 
permitted  by  the  limited  time  and  resources 
allowed  for  the  study,  available  literature  and 
expert  judgement  were  used  to  estimate  human 
health,  ecological,  and  materials  damage,  and 
aesthetic  consequences  of  sulfur  oxide  ambient 
levels,  and  to  assign  monetary  costs  to  these 
effects.     To  relate  ambient  levels  to  sulfur 
oxide  emissions,  a  model  for  oxidation  and 
dispersion  was  constructed.     Together  these 
steps  allowed  a  pollution  cost  tcS  be  computed 
per  pound  of  sulfur  emitted  from  the  power 
plant.     Assessment  of  pollution  gonsequences  in 
terms  of  cost  per  pound  of  pollutant  emitted 
permits  the  comparison  of  costs  ctnd  xempval 
efficiencies  on  an  economic  basis  and  helps  to 
identify  the  most  important  factors  that  affect 
the  choice  among  the  alternative  strategies. 

The  available  information  for  carrying 
through  the  ^alysis  is  extremely  limited,  and 
the  decisions  among  alternative  strategies 
appear  quite  close.     For  the  case  of  a  plant  in 
or  near  an  urban  area,  some  alternative  for 
reducing  total  emissions   (e.g.,  low  sulfur 
eastern  coal  or  flue  gas  desulf urization) 
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appears  clearly  preferable  to  burning  of  high 
sulfur  coal. 

The  main  result  of  the  analysis  is  to 
characterize  of  the  uncertainties.     The  most 
important  areas  of  uncertainty  appear  to  be  the 
sulfur  oxide  emissions  to  ambient  sulfate 
relationship  and  the  health  effects  of  ambient 
sulfate,     h  simple  model  was  used  for  the 
relationship  between  sulfur  oxide  emissions  from 
a  power  plant  and  the  incremental  increase  in 
ambient  sulfate  in  urban  areas  several  hundred 
miles  downwind.     The  chemistry  of  the  oxidation 
process  for  transforming  sulfur  dioxide  into 
sulfate  was  identified  as  the  most  crucial  area 
of  uncertainty  in  determining  the  emission  to 
ambient  relationship.     Variations  in  oxidation 
rate  over  a  reasonable  range  of  values  could 
lead  to  changes  in  the  increase  of  ambient 
sulfate  levels  from  given  sulfur  emissions  over 
the  range  of  a  factor  of  ten.     Health  effects 
were  modeled  using  a  very  crude  dose-response 
relation  drawn  mainly  from  the  limited  data  of 
the  CHESS  studies.     Chrord.c  respiratory  disease 
and  aggravation  of  heart-lung  disease  symptoms 
appear  to  be  the  most  important  health  effects. 
The  range  of  uncertainty  for  the  incidence  of 
each  health  effect  for  a  given  change  in  ambient 
sulfate  was  judged  to  be  a  factor  of  twenty. 

These  uncertainties  were  roughly 
characterized  in  terms  o/  probability 
distributions,  and  an  overall  probability 
distribution  calculated  for  the  pollution  cost 
per  pound  of  sulfur  emittecl,  for  the 
representative  plant  in  a  remote  rural  location 
and  the  representative  plant  in  an  urban  region. 
These  distributions  indicate  considerable  un- 
certainty; new  information  on  the  emissions  to 
ambient  relationship  or  on  health  effects  could 
easily  change  the  estimated  pollution  cost  by  at 
least  a  factor  of  two  or  more  in  either 
direction  from  the  nominal  values. 

The  Marginal  Cost  of  Reducing  Sulfur  Oxide  Emissions 

Analysis  of  the  representative  casfes  yields 
the  following  results.  With  0.9  percent  sulfur 
eastern  coal  priced  at  $32/ton   ($1.33  MMBTU)  ,  33 
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percent  above  a  high   (3  percent)   sulfur  coal 
available  for  $24/ton   ($1.00  MMBTU) ,  a  switch 
from  the  high  sulfur  to  low  sulfur  coal  is 
advisable  if  sulfur  emissions  abatement  is  worth 
at  least  19  cents  per  pound  of  sulfur  removed 
from  the  stack  gases.     Under  the  assumption  for 
a  new  plant  of  $100/kw  capital  cost  for  a  lime 
scrubber,    17  percent  amortization,   0.8  mills/Kwh 
operating  costs   (including  0.3  mills/^kwh  for 
sludge  disposal) ,  and  a  6  percent  energy  loss 
and  capacity  derating,  flue  gas  desulf urization 
using  lime  scrubbing  adds  4.5  mills/kwh  to  the 
Cost  of  producing  electricity.     Flue  gas 
desulf urization  becomes  preferred  to  the  premium 
priced  low-sulfur  coal  if  sulYur  removal  is 
worth  at  least  37  cents  per  pdund.     If  low- 
sulfur  coal  is  not-. available,  jflue  gas 
desulf  urization  is  Wef  erred^o  burning  high 
sulfur  coal  if  the  T\laie^.ji^^missions  reduction 
is  at  least  23  cents  per  pound. 

For  an  existing  plant*  the  cross-over  value 
of  sulfur  removal  for  switching  from  high-sulfur 
coal  to  low-sulfur  coal  remains  the  same,  19 
cents  per  pound  of  sulfur  removed.     with  the 
assumptions  for  a  retrofit  installation  of 
$125/kw  capital  cost^   17  percent  amortization 
for  th^  scrubber,    1.1  mills/kwh  operating  costs 
(including  0.5  mills/kwh  for  sludge  disposal), 
and  6  percent  energy  loss  and'  capacity  derating, 
flue  gas  desulf urization  using  lime  scrubbing 
adds  6. 1  mills/kwh  to  the  cost  of  producing 
electricity.     It  becomes  preferred  to  premium 
priced  low-sulfur  coal  only  when  sulfur  removal 
is  worth  at  least  53  cents  per  pound.     if  low- 
sulfur  coal  is  not  available,  flue  gas  de- 
sulf urization  is  preferred  to  coal  preparation 
if  the  value  of  emissions  reductioh  exceeds  26 
cents  per  pound  of  sulfur  removed.     In  urban  or 
near-urban  areas  where  disposal  of  sludge  ds 
difficult,  costs  of  sludge  disposal  may  be  of 
the  order  of  0.'9  mills/kwh.     Lime  scrubbing 
would  then  not  be  preferred  to  low-sulfur  coal 
unless  sulfur  abatement  was  worth  59  cents  per 
pound.     It  low-sulfur  coal  is  not  available, 
lime  scrubbing  is  advisable  when  sulfur  removal 
is  worth  at  least  28  cents  per  pound. 

For  the  representative  cases  considered, 
low-sulfur  eastern  coal  or  flue  gas 
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desulf urization  appears  to  be  somewhat  more  cost 
effective  per  pound  of  sulfur  removed  than  use 
of  low:-sulfur  western  coal  and  coal  preparation. 
However,  these  latter  alternatives  may  be  cost 
effective  in  sotne  situations.     For  new  plants  in 
the  mideastern  region  low-sulfur  western  coal 
may  be  an  attractive  alternative,  especially  if 
its  cost  relative  to  eastern  coal  is  redpced. 
use  of  low-sulfur  western  coal  in  existing 
plants  will  generally  npt  be  economic  because 
derating  or  expensive  retrofitting  will  be 
required.     Coal  preparation  appears  barely 
competitive  with  flue  gas  desulf urization  if 
low-Qulfur  coal  is  not  available:  sulfur  removaL 
can  be  accomplished  by  coal  washing  at  a  cost  of 
about  25  center  per  pound  for  an  existing  plant. 
Even  with  sludge  disposal  assumed  to  cost  0.5 
mills/kwh,  a  lime  scrxibber  retrofit  will  be 
preferred  if  sulfur  removal  is  worth  at  least  26 
cents  per  pound  of  sulfur.     Lime  scriibbing, 
moreover,  reduces  net  emissions  by  about  90 
percent  compared  to  about  33  percent  for  coal 
washing.  -  The  costs  and  effectiveness  of  coal 
washing  vary  considerably  depending  on  the  type 
of  coal.     In  some  situations  coal  preparation 
may  be  an  attractive  strategy,  especially  as  an 
interim  measure. 

The  value  of  the  cross-over  points  are 
sensitive  to  the  emissions  levels  and  costs  of 
electricity  given  in  Table  13-22.     If  different 
values  are  used  the  cross  over  points  will 
change.     The  cross-over  between  low  sulfur  coal 
an<3  flue  gas  desulf  urization  is  particularly 
sensitive:  A  change  of  1  mill  per  kilqwatt-hour 
in  the  cost  of  flue  gas  desulf urization  changes 
the  cross  over  point  by  23.2  cents  for  a  new 
plant,  and  19.8  cents  for  a  retrofit 
installation.     If  the  comparison  is  between  high 
sulfur  coal  and  flue  gas  desulf urization,  the 
sensitivity  is  rather  low:  A  change  of  1  mill 
per  kilowatt-hour  in  the  cost  of  flue  gas 
desulfurization  causes  a  change  in  the  cross- 
over point  by  5.0  cents  for  a  new  plant  and  4.3 
cents  for  a  retrofit  installation.     The  cross- 
over point  between  high  sulfur  and  low  sulfur 
coal  changes  by  6.3  cents  for  a  1  mill  increase 
in  the  cost  for  low  sulfur  coal  for  a  new  plant, 
and  5.5  cents  for  an  existing  plant.     These  are 
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both  equivalent  to  0.57  cento  increase  in  the 
crbsQ-over  point  for  a  1  cent  per  million  Btu 
change  in  the  price  differential  of  low  Qulfur 
coal  over  high  aulfur  coal. 


Reeulta  of  the  AnalyQig  for 
Representative  Plants 

For  both  the  new  and  existing  plant  in  a 
remote  rural  location  the  nominal  pollution  cost 
is  computed  to  be  about  20  cents  per  pound  of 
sulfur  emitted,^   The  range  of  uncertainty  is  at 
least  8  to  40  cents  per  pound.     The  decision  for 
both  new  and  existing  plants  is  very  close 
between  the  alternatives  of  burning  high-sulfur 
coal  without  abatement  measures  and  switching  to 
low-sulfur  eastern  coal.     The  nominal  value  of 
the  emissions  reduction  ±g  just  above  the 
marginal  increase  in  cost  of  electricity 
incurred  by  switching  to  the  low-sulfur  coal- 
This  marginal  cost  was  assessed  as  19  cents  per 
pound  of  sulfur  removed.     For  the  representative 
urban  case,  an  existing  urban  plant  to  fee 
reconverted  to  coal,  the  nominal  pollution  cost 
is  computed  to  be  about  55  cents  per  pound  of 
sulfur,  with  a  range  of  uncertainty  of  at  least 
19  to  110  cents  per  pound.     For  this  case  the 
decision  very  close  for  an  existing  plant 
between  eastern  low  sulfur  coal  and  flue  gas 
desulf urization;  the  alternative  of  buring  high- 
sulfur  coal  appear^  poor  by  comparison.     If  low- 
sulfur  eastern  coa^  is  not  available,  flue  gas 
desulfurization  appears  to  be  the  best  decision. 
The  mai:ginal  cost  of  lime  scrubbing   (compared  to 
burning  high  sulfur  coal)   is  28  cents  per  pound 
of  sulfur  removed  with  a  sludge  disposal  cost  of 
0.9  mllls/kwh. 

An  assumption  of  considerable  importance  is 
the  value  associated  with  health  effects. 
Willingness  by  the  individuals  potentially 
affected  to  pay  to  avoid  sickness  may  not  be  an 
adequate  standard  to  judge  the  value  of 
morbidity  caused  by  air  pollution.     It  is  quite 
possible  that  health  values  considerably  higher 
than  those  used  in  this  analysis  ($250  per  case 
of  chronic  respiratory  disease,  $20  per  day  of 
aggravated  heart-lung  disease  symptoms)   will  be 
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judged  appropriate  as  the  ^sis    or  setting 
public  policy  on  sulfur  emissions^ control.  If, 
for  example,  values  four  timers  those  orf  our 
•    nominal  assignments  w^re^used^f or  th€r  health 
effects,  sensitivity  analysis  show§;  that  the 
pollution  cost  is  shifted  .up  to  a  range  where 
for  both  the  representative  rural  and  urjDan 
plants  the  best  depision  would-be  flue  gas 
desulf urization. 


The  .Value  of  Resolving  Uncertainty 

V 

The  decisions  on  control  strategy  depend  on\^ 
-the  adequacy  of^the  information  available  at  the  \^ 
time  the  decsion  must  be  made.   'There' is  great 
value  to  Improving  our  information  about  certain_^=^ 
aspects'  4>f  sulfur  oxide  pollution.     The  value  of 
resolving  uncertainty  derives  frcMn  the  idea  that 
better  information  might  show,  for  example,  that . 
pollution  costs  are  lower  than  was  estimated, 
and  costly  abatement  methods  are  noT  warranted.. 
With  some  probability  then^  their  extra  cost 
•might  be  saved.     In  particular,  a  better 
understanding  of  the  health  effects' of  sulfates 
and  of  the  chemistty  of  the  conversion  of  sulfur 
dioxide  to  atmospheric  sulfates  could  have  ^ 
significant  effect  on  future  decisions  on 
control  of  sulfur  oxides.     A  rough  calculation 
of  the  value  of  resolving  these  uncertainties 
gives  a  value. of  about  $2  million  per  .year  for 
the  representative  600  MW  plant  in  the  remote 
•rural  location.     If  low-sulfur  coal  is  not 
available,  the  value  ot  resolving  uncertainty 
drops  to  a  little  over  $1  million  per  year.  Por 
the  urban  location,  the  value  of  resolving 
uncertainty  on  the  sulfur  oxide  emission  to 
ambient  sulfate  relationship  and  on  the 
magnitude  of  the  health ^ effects  is  in  the^ range 
of  $1  million  a  year. 

Extrapolating  these  values  to  the  collection 
of  eastern  power  plants  that  now  or  in  the  near 
tuture  might  burn  high  sulfur  coal  yields  an 
estimate  ,^of  the  order  of  a  quarter  of  a  billion 
doHjars  per  year.     This  is  roughly  25  times  the 
annual  cost  estimated  by  EPA  for  a  research  , 
program  to  resolve  these  uncertainties. 
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Other  areas  ,of  our  knowledge  on  the  effects 
of  sulfate  emissions  should  be  greatly  refined. 
Health  effects  not  included  in  our  analysis 
might  prove  far  more  serioits  than  those 
identified  so  far:  for  example^  sulfate  might 
prove  to  have  a  causative  role  in  chronic  lung 
diseases .such  as  emphysema,  or  in  lung  cancer. 
^  In  addition  to  health  effects^  acid  rain, 
decreases  in  visibility^  materials  damage, 
adverse  effects  on  ecological  systems,  and 
possibly  climatic  effects  of  sulfur  emissions 
all  deserve  much  more  extensive  investigation 
than  has  hey etof ore  been  undertaken. 

Decisions  to  be  made  on  sulfur  oxi^e 
emission  f i om  power  plants  will  involve  tens  of 
billions  o:  dollars  in  electrical^  generation 
costs  in  the  next  <^ecade  and  massive  effects  on 
human-  health  and  welfare.     Greatly  expanded 
efforts  shcu^d  be  made  to  develop  improved 
podels  and  date-   for  use  on  a  case  by,  case  basis' 
to  improve  decisionmaJcing  on  emission  control 
strat^^y  alternatives.  , 


Emissions  Charges  as  an  Instrument 
'    .    ^       of  Policy 


Considerations  of  stirategy  with  respect  to 
sulf,ur  compounds  emission  pertain  not  only  to 
the  application  of  alternative  technologies  to 
•the  problem  but  to  the  selection  of  'policy 
instruments  and  administrative  practices.  in 
this  connection  an  emissions  charge  appears  to 
be  a  well  suited  policy  instrument  for  inducing 
efficient  sulfur  emissipns  control.  The 
application  of  an  emission  charge  on  SOx, 
perhaps  at  the  level  of  the  estiifiated  incremental 
cost  of  the  pollution  consequences  from  the 
average  power  .plant,  would  provide  a  strong,  immedi- 
ate, ,and  across  the  board  incentive  to  undertake 
emissions  controls  activities.     At  the  same  time,  in 
view  of  the  still  existing  disagreements  about  the 
applicability  of  particular  technologies,  the 
special  circumstances  of  particular  plants, 
supply  constraints,  and  other  complexities  of 
the  situation,   it  would  permit  flexibility  of 
response.     This  flexible  response  would  be 
achieved  in  a  decentralized  manner  withput  the 
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necessity  of  administrative  agencies  and  the 
courts  trying  to  decide  every  individual  case  in 
an  adversary  atmosphere.     The  latter  approach 
invites  delays  and  frequently  arbitrary 
decisions,  and  establishes  the  incentive  to  hire 
lavryers  rather  than  to  proceed  with  emissions 
control.     Emissions  charges  -  exert  a  persistent 
incentive  to  act  whereas  variances  and  delays  in 
imposing  requirements  allow  the  emitter  free'^  use 
of  environmental  resources,  with  no  incentive  to 
act  as  long  as  these  can  be  obtained.  Moreover, 
''a  charges  policy  would  have^  desirable  efficiency 
characteristics.     It  would  tend  toward  an 
application  of  controls  first  at  those  locations 
where  costs  per  unit  of  sOx  reduction  are 
lowest.     In  the  longer  run  it  would  provide  a 
powerful  spur  for  the  development  of  more 
efficient  technologies, 

VJhen  first  suggested  the  idea  of  emissions 
charges  was  greeted  with  some  skepticism  by  many 
policy  makers  and  environmentally  concerned 
persons.     For  various  reason  industry  was  also 
opposed.     In  recent  years  this  policy  option  has 
gained  increasing  acceptemce  among 
conservationist^^  environmentalists,  policy 
makers  here  and  abroad,  and  even  industry  as 
indicated  by  a  recent  Committee  on  Economic 
Development  report.     The, sulfur  emissions 
problem  is  a  highly  suitable  one  for  the 
applications  of  emissions  charges  as  a  policy 
instrument. 


PART  TWO: 


Section  1:     Relationship  of  Emissions 
Ambient  Air  Quality  and  Chemistry  of  Precit 
tation 
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^  CHAPTER  ^6 

THE  REIATIONSHIP  OF  SOLF^R  OXIDE  EMISSIONS 
TO  SULFUR  DIOXIDE  AND  SULFATE  AIR  QUALITY 

{Chapter  6  was  written  by  John  Trijonis 
under  the  general  supervision  of  the 
committed,  which  reviewed  the  'work  at 
several  stages  and  suggested 
modifications  which  have  been  incor- 
porated.    Vjhile  evetry  committee  member 
has  not  necessarily  read  and  agreed  to  , 
every  'detailed'  statement  contained 
within,  the  committee  believes  that  the 
material  is  of  sufficient  merit  and 
relevance  to  be  included  in  this 
report.) 


Sulfur  oxide  emissions  frqm  man-made  sources 
consist  primarily  of  sulfur  dioxide.  Both 
during  emission  and  while  in  the  atmosphere, 
gaseous  sulfur  dioxide  can  become  oxidized  to 
form  sulfate   (S04)'^  particulate  matter*  The 
sulfate  aerosol  is  mainly  composed  of  sulfuric 
acid  and  corresponding  salts  such  as  ammonium 
sulfate.     This  chapter  reviews  the  relationship 
between  sulfur  oxide  emissions  and  ambient  air- 
quality  levels  for  sulfur  dioxide  and  S04. 

•  As  illustrated  in  Figure  6-1,  the 
relationship^  between  sulfCir  oxide  emissions 
ambient  air  quality  involves  several  complex 
processes.     Atmospheric  transport  and  diffusion 
control  the  dispersal  of  the-  emissions,  while 
chemj-cal  oxidation  processes  lead  to  the 
formation  of  sulfate  aerosol  from  gaseous  sulfur 
dioxide.     Removal  processes ^of  sulfu^ dioxide 
and  particulate  sulfate  include  deposition  on 
plants,  soil,  and  water  bodies  as  well  as 
washout  -by  precipitation.     The  latter  lead's  to 
further  pollution  problems  associated  with  in- 
creased rainfall  acidity, 

"  i 
Parts  of   this  r<^p<)rt  were  prepared  by  a  comput  er --ass  is  t - 
ed  text  editirifj  process   for  which  the  high-speed  line 
printer  does  n-'^t  yet  provide  subscripts  or  certain 
special   symbols.      Two  conventions  have  been  adopted  as 
necessary  throuqhout   r'arts  One  and  Two:      (a)    for   u  read 
u ;      (b)    nuner 1 cal   subscripts   in  f ormu las  are   i ndicated 
&y  underscorintj    (e.q.,   S04^)  . 
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The  relationship  between  sulfur  oxide 
emissions  and  air  quality  will  be  discussed 
below  in  five  sections.     Section  1  describes  the 
nationwide  SOx  emission  inventory;  included  are 
discussions  of  past  trends  an<5l  geographical 
features.     Section  2  deals  with  sulfur  dioxide 
air  quality  and  its  relationship  to  SOx 
emissions.     Section  3  describes  present  ambient 
sulfate  levels  and  examines  the  dependence  of 
ambient  sulfate  formation  on  SOx  emissions.  In 
section  i\,  recent  trends  in  sulfur  dioxide  and 
SOU  air  quality  are  analyzed^  and  comparisons 
are  made  to  corresponding  SOx  emission  trends. 
Finally^  Section  5  gives  an  approximate  forecast 
of  the  air  quality  impact  to  be  expected  from 
the  substantial  increases  in  SOx  emissions  that 
have  been  projected  for  electric  power  plants. 


SULFUR  OXIDE  EMISSIONS 

The  principal  natural  source  of  atmospheric 
sulfur  oxides  is  the  oxidation  of  hydrogen 
sulfide  or  dimethyl  sulfide  gas  which  results 
from  decaying  vegetation     (Kellogg  et  al,  1972^ 
Lovelock  et  al.  1972).     Over  the  oceans, 
significant  sulfate  is  also  emitted  as  part  of 
sea  spray.     Presently,  on' a  global  basis,  these 
natural  occurrences  of  atmospheric  sulfur 
compounds  are  estimated  to  be  about  one  and  one 
half  times  the  emissions  from  anthropogenic 
(man-made)   sources   (Cavender  et  al,  1973, 
Kellogg  1972),     However,  in  industrialized 
regions,  the  concentrated  emissions  from 
technological  processes,  in  particular  fossil 
fuel  combustion,  are  much  greater  than  natural 
contributions. 

Data  on  the  composition  of  SOx  from 
combustion  and  other  man-made  sources  indicate 
that  about  98  percent  of  emitted  SOx  is  sulfur 
dioxide.     The  remaining  fraction  of  typical  SOx 
emissions,  about  1  to  2  percent,  is  sulfur 
trioxide  and  its  derivatives.     The  main  sulfur 
trioxide  derivative  in  emission  gases  is 
sulfuric  acid;  metallic  sulfates  appear  to  be 
directly  ^emitted  only  in  trace  amounts. 
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Table  6-1  oummariies  the  1972  inventory  of 
man-Enade  sOx  emissions  for  the  United  States  as 
well  as  for  six  selected  air  basins,     on  a 
national  basis^  more  than  75  percent  of  sOx 
eaiissions  result  from  coal  and  fuel  oil 
combustion  in  stationary  sources,  and  more  than 
50  percent  of  s<^  emissions  result  from  fuel 
combustion  in  electric  power  plants  alone. 
Industrial  process  Sox  emissions,  mostly  from 
the  metallurgical,  petroleum,  chemical,  and 
mineral  industries,  are  also  significant.     On  a 
national  basis,  other  stationary  sources  and 
transportation  spurces  are  relatively  minor 
contributors. 

As  indlcategi  in  Table  6-1,  the  relative 
importance  of  different  sOx  source  types  varies 
considerably  from  region  to  region.     In  the 
three  eastern/midwestern  air  basins  listed  in 
Table  6-1,    (Boston,  Atlanta,  and  St,  Louis)  , 
stationary  fuel  combustion  is  especially 
important^  accounting  for  83  to  97  percent  of 
total  SOx  emissions  in  those  areas.  Industrial 
processes  and  transportation  are  relatively  more 
significant  in  the  three  western  air  Basins 
(Dallas-Ft.  Worth,  Denver,  and  Los  Angeles) , 
where  they  account  for  50  to  67  percent  of  total 
SOx  emissions. 

Figure  6-2  presents  the  geographical 
distribution  of  estimated  SOx  emissions  in  the 
United  States   (EPA  1974).     it  is  evident  that 
these  emissions  are  particularly  concentrated  in 
the  northeast  sector  of  the  country;  which 
accounts  for  about  half  the  total  SOx  emissions 
in  the  United  States. 

The  trends  in  the  SOx  emission  inventory  ^re 
summarized  in  Table  6-2.     From  1960  to  1970/ 
total  SOx  emissions  in  the  United  States  itf- 
creased  by  45  percent;  about  seven  eighths  of 
this  increase  was  due  to  an  almost  doubling  of 
electric  power  plant  emissions.     The  remaining 
portion  of  the  increase  basically  resulted  from 
growth  in  emissions  from  industrial  process 
sources.     Total  emissions  from  all  other  sources 
have  remained  essentially  constant. 

This  increase  in  total  SO^  emissions  was 
accompanied  by  significant  alterations  in  the 
spatial  distribution  of  those  emissions.  The 
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bulk  of  the  increase  occurred  among  sources 
^     which  are  located  away  from  central-city  areas 
^     and/or  which  emit  pollutants  through  tall 

stacks.     Further^  the  growth  of  ground-level 
sources  tended  to  occur  in  a  non-homogenous 
manner;  the  greatest  growth  occurred  in  suburban 
areaSy  leading  to  a  spreading  of  emissions 
throughout  metropolitan  regions.  Ground- 
level/central-city  emissions  appear  to  have 
actually  been  significantly  reduced  from  1960  to 
1970.     These  changes  in  the  spaf^l  distribution 
of  sox  emissions  will  be  disojJnML  in  more 
detail  in  Section        which  dej|i|LJn.th  ambient 
air  quality  trends  for  sulfur  divide  and 
sulfates. 

^       With  no  further  abatement  programs,  SOx 
emissions  are  expected  to  continue  increasing  in 
the  future.     The  National  Academy  of  Engineering 
has  predicted  a  66  percent  national  increase 
from  .1970  to  1980  and  a  135  percent  national 
increase  from  1970  to  1990   (National  Academy  of 
Engineering) .     These  increases  will  again  occur 
predopiinantly  in  the  power  plant  category,  where 
SOx  emissions  are  expected  to  doxible  from  1970 
to  1980  and  to  triple  from  1970  to  1990. 


SULFUR  DIOXIDE  AIR  QUALITY  ' 

Table  6-3  summarizes  the  present  National 
Ambient  Air  Quality  standards  for  sulfur 
dioxide.  .  Natural  background  sulfur  dioxide 
levels  are  well  below  the  air  quality  standards; 
measurements  indicate  that  natural  background 
sulfur  dioxide  concentrations  are  on  the  order 
of  0.5  to  4  ug/m3    (Georgii  1970^  Cadle  et  al. 
1968^  Lodge  and  Pate  1968).     In  urban  areas^ 
man-made  sources  lead  to  sulfur  dioxide  concen- 
trations which  are  considerably  greater  than 
background  levels.     In  the  early  1970* s^  annual 
average  sulfur  dioxide  concentrations  in  urban 
areas  of  the  United  States  tended  to  range  from 
10  to  .80  ug/m3    (EPA  1972).     in  1970  and  1971^ 
the  average  level  among  all  urban  National  Air ■ 
Surveillance  Network   (NASN)   monitoring  sites  was 
about  25  ug/m3   (annual  average) ,  and  only  about 
2  percent  of  measured  annual  averages  at  NASN 
urban  sites  exceeded  the  national  primary 
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otandard.     At  nonurban  UASN  monitoring  aites, 
annual  mean  sulfur  dioKide  concentrationo  tend 
to  be  around  5  to  15  ug/m^,  slightly  above 
eotiaated  natural  background  levels  (EPA  1972). 

Figure  6-3  provides  an  approximate  contour 
map  for  typical  annual  average  sulfur  dioxide 
levels  in  urban  areas  of  the  United  states  for 
1970-1971.     It  can  be  seen  that  urban  sulfur 
dioxide  concentrations  are  generally  higher  east 
of  the  Mississippi.     From  196a  to  1968^  the 
average  sulfur  dioxide  concentration  at  all 
eastern  urban  sites  was  three  times  the  average 
at  all  western  urban  sites   (Altshuller  1973^. 
Particularly  high  urba^  sulfur  dioxide 
concentrations  are  found  in  the  industrialized 
northeast  s^dtion  of  the  country.     As  was 
illustrated  in  Figure  6-2,  the  northeast  sector 
has  the  greatest  sOx  emission  density. 


The  Relationship  Between  Sulfur  Dioxide 
Air  Quality  and  Emission  Levels 

The  relationship  tjetween  sulfur  dioxide  air 
quality  and  sOx  emissions  is  simple  in  one  sense 
but  complex  in  another.     It  is  simple  in  that 
the  ambient  sulfur  dioxide  contribution  from  a 
single  source  tends  to  vary  in  direct  proportion 
with  the  emissions  from  that  source.     Thus^  for 
an  area  dominated  by  a  single  source,  the  linear 
rollback  formula  is  usually  appropriate^  for 
relating  sulfur  dioxide  air  "tjuality  to  SOx 
emission  levels.     The  simple  liaear  rollback 
formula  is  also  valid  for  relating  ambient 
sulfur  dioxide  levels  to  total  emissions  from  a 
group  of  sources,  provided  that  the  emissions  ^ 
from  all  the  sources  are  reduced  or  increased  in 
proportion  to  one  another.     Another,,  more  exact 
way  of jstating  this  proviso  is  that  the  temporal 
and  spdtial  distribution  of  emissions  remain 
fixed. 

In  reality,  spatial  distributions  of 
emissions  are  altered  by  relocation  of  emission 
sources,  by  non-homogeneous  grov/th  patterns,  and 
by  non-proportional  emission  changes  for 
different  types  of  sources.     Herein  lies  the 
complexity,     when  spatial  emission  patterns 
change  there  is  no  guarantee  that  the  linear 
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rollback  formula  io  valid;  in  fact,  it  can  be 
groooly  in  error.     For  inctance,  consider  an  air 
basin  which  undergoes  an  inc^-ease  in  total  SOx 
emioaiono.     Asoume  that  thio  increase  is  due  to 
greater  emissions  from  sources  with  tall  stacks 
and  from  sources  located  away  ftom  the  contral- 
city  area.     Further  assume*  that  ground-level 
emissions  in  the  central-city  area  remain  constant. 
In  this  case,  central-city/ground-level  air  quali- 
ty will  change  little  in  comparison  to  the  total 
emission  increase  for  the  region,  i.e.,  the  deteri- 
oration in  central-city  air  quality  will  be  con- 
siderably less  than  that  which  would  be  predicted 
by  the  linear  rollback  formula.*  As  will  be  dis- 
cussed in  Section  4,  this  hypothetical  example 
has  some  resemblance  to  recent  sulfur  dioxide  air 
quality  history  which  involves  an  apparent  paradox 
of  increasing  national  SOx  emission  trends  accom- 
panied by  decreasing  urban  sulfur  dioxide  concen- 
trations. 

For  cases  such  as  the  example  above,  where  * 
oignif;Lcant  changes  in  spatial  patterns  of 
emissions  occur,  mathematical-meteorological 
models  are  most  appropriate  for  relating  ambient 


*The  linear  rollback  formula  is  as  follows: 

^i^^2J   -  ^bkg 

where  =  the  concentration  of  SO2  at  location  "i", 

^bkg  ^         background  SO2  co;icentration, 
and        and        refer  to  two  different  emission 
levels.  / 
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sulfur  dioxide  air  quality  to  emission  levels • 
Several  of  these  models r  which  account 
explicitly  for  source  location,  sulfur  dioxide 
oxidation  rates,  sulfur  dioxide  deposition 
rates,  and  regional  meteorology,  have  been 
developed  (Shir  and  Shigh  1974,  Roberts  et  al,, 
Randerson  1970)  •     It  is  n9t  necedsary  hfejre  to 
review  these  models  but  rather  to  point  ^ut  the 
type  of  problem  which  requires  their 
application. 


SULFATE  AIR  QUAilTY 

There  are  two  principal  methods  by  which 
natural  sources  produce  sulfate  particulate 
matter:     the  formation  of  sulfate  from  the 
oxidation  of  naturally  occurring  sulfur  dioxide 
and  the  emission  of  sulfate  as  part  of  the  sea 
spray  aerosol   (Kellogg  et  al.   1972)-     In  remote 
areas  which  are  not  downwind  of  concentrated 
man-made  sources,  sulfate  levels  tend  to  average 
in  the  range  of  1  to  U  ug/m^   (Georgii  1970, 
Junge  et  al.   1969,  Junge  1963)-     (A  major 
exception  involves  remote  areas  in  oceanic  or 
sea  shore  environments  which  are  very  near  the 
influence  of  strong  wave  action-     Close  to 
intensive  breaker  activity,  sulfate  levels  can 
average  as  high  as  5  to  20  ^ag/m^-     However,  this 
sea  salt  influence  tends  to  drop  off  rapidly  as 
distance  inland  increases.     Recent  measurements 
indicate  that  more  normal  background  levels  are 
reached  within  a  few  hundred  yards  of  the 
breaker  activity.) 

This  range  appears  to  ^e  a  reasonable  indication 
of  natural  background  concentrations.  However, 
it  should  be  noted  that  even  remote  areas  may  be 
significantly  influenced  by  long  term  transport 
from  anthropogenic  sources,     ^an-made  SOx 
emissions,  which  are  ffresently  estimated  to  be 
about  two-thirds  as  great  as  natural  emissions 
on  a  global  basis,  are  continually  oxidized  to 
form  sulfate  aerosol;  these  man-made 
contributions  may  constitute  a  significant 
fraction  of  sulfate  measurements  in  remote 
areas. 
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^      Sulfate  levelQ  in  urban  areas  are  higher 
than  background  levels  due  to  the  influence  of 
man-made  eaiission  sources.     During  th^^^^^® 
1960«s,  about  85  percent  of  measured  Annual 
average  sulfate  levels  in  urban  areas  east  of 
the  Mississippi  ranged  .from  7  to  20  ug/m' 
(Altshuller  1973,  eTPa  1972,  1971)  •     The  average 
of  all  eastern  urban  NASN  monitoring  sites  was 

•   12,5  ug/m3  from  1964  to  1968   (AltsMaller  1973). 
Urban  sulfate  concentrations  in  theXwest  are 
generally  about  half  as  great  as  in  ttie  east, 
During  the  late  1960»s,  west  of  the  Mississippi*, 
about  85  percent  of  annual  average  sulfate 
levels  in  ^urban  areas  fell  in  the  range  of  3  to 
10  ug/m3   (AltshulXer  1973,  EPA  1972,   1971).  The 
average  among  all  western  NA^SN  urban  monitoring 
sites  was  6.4  ug/m3  from  1^64  to  1968 
(Altshuller  1973).     One  anomaly  in  the 

western  United  States  is  the  Los  Angeles -area, 
wh^ere  annual  average  sulfate  ranges  from  10  to 
15  ug/m3   (MacPhee  and  Wadley  ,  EPA  1972, 
1971).     As  will  be  discussed  l4tdr,  overall 
ambient  sulfate  levels  have  reirfalned  relatively 
constant  in  the  past  decade;  therefore,  the  N 
average  concentrations  measured  in  the  late  / 
sixties  are  probably  indicative  of  present  y 
conditions.  , 

Figures  6-4  and  6-5  present  the  geographical 
distributions  of  typical  sulfate  concentration^ 
fo-r  urban  and  nonurban  locations,  respectively 
(EPA  1974).     A  significant  feature  of  each  map 
is  the  particularly  high  sulfate  level  found  in 

pthe  industrialized  northeast  sector  of  the 
country  which  has  the  greatest  sOx  emission 
density  (Figure  6-2. J 


The  Relationship  Between  Sulfate  Air  Quality 
and  Sulfur  Oxide  Emissions 

The  relationship  between  emitted  sbx  and 
ambient  S04  concentrations  is  v^ry  complex  and 
is  the  subject  of  much  current  research. 
Considerable  uncertainty  exists  concerning  the 
present  state  of  knowledge;  models  are, not  now 
aj^ilable  for  accurately  relating  sOx  emissions 
TO  atmospheric  sulfate  concentrations.  However, 
the  general  form  of  the  relationship  can  be 
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analyzed  by  considering  some  known  aspects  of 
the  chemical  transformation  processes  and  by 
enamining  certain  atmospheric  empirical 
evidence. 

As  noted  previously^  nearly  all  (>98 
percent)   SOx  is  emitted  a^^lgalfur  dioxide.  A 
variety  of  processes  exist  fbr  oxidizing  sulfui^- 
dioxide  to,  yield  sulfate  aerosol.     The  relative 
importance  of  the  various  possible  mechanisms  is 
uncertain  and  depends  heavily  on  local 
coriditions.     However^  three  general  oxidation 
processes  have  been  identified  which  appear  to 
be  significant  for  urban  areas: 

(1)  Photochemical ly-induced  oxidation  of 
sulfur  dioxide  to  sulfur  trioxide  with 
subsequent  reactions  yielTdinq  sulfuric  acid 

■  2£  8uj,f ates. 
Irradiation  of  sulfur  dioxide^  water ^  and 
clean  air  mixtures  yields  oxidation  rates 
which  are  too  slow  to  be  significant  in 
urban  areas^    (Bufalini   1971^  HEW  1970,  Urone 
et  al.    1968,  Gerhard  and  Johnstone  1955) . 
However,  when  hydrocarbons  and  nitrogen 
oxides  are  added  to  such  mixtures, 
substantial  oxidation  rates  can  result 
(Bufalini  1971,  HEW  1970,  Wilson  and  Levy 
1968,  Renzetti  and  Doyle  1960).     It  has  been 
postulated  that  sulfur  dioxide  is  oxidized 
to  sulfur  trioxide  by  an  intermediary 
product  of  the  HC/NOx  photochemical  reaction 
system.     Once  sulfur  dioxide  is  oxidized  to 
sulfur  trioxide,  subsequ^t  reactions  of 
sulfur  trioxide  with  water  (apd 
particulates)   yield  sulfuric  acid  and  other 
sulfates. 

(2)  Absorption  of  sullfur  dioxide  into 
aqueous  droplets  yith  subsequent  catalytic 
oxidation. 

Numerous  substances,  particularly  qertain 
metallic  salts   (e.g.,  of  iron,  vanadium,  or 
Wnganese)  ,  are  effective  in  catalytically 
oxidizing  sulfur  dioxide   (HEW  1970^,  Junge 
and  Ryan  1958).     The  absorption  of  sulfur 
dioxide  into  water  droplets,  followed  by 
catalytic  oxidation  from  dissolved  metallic 
salts,  can  be  an  important  mechanism  of 
sulfate  production.     In  this  chemical 
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mechanism,  atmospheric  ammonia  may  play  a 
significant  role  by  neutralizing  some  of  the 
sulfuric  acid  built  up  in  the  droplet, 
(Sulfur  dioxide  becomes  less  solutag?  as 
acidity  increaQes,)    (Roberts  197a7^EW 
1970)  . 

(3)     Adsorption  of  sulfur  dioxide  on  solid 
particles  and  subsequent  i^eaction  with 
adsorped  oxygen, 

Thexe  is  evidence  that  adsorption  and 
subsequent  oxidation  of  sulfur  dioxide  on 
particle  surfaces  may  be  an  important 
mechanism  of  sulfate  production  in  urban 
^atmospheres.     Carbonaceous   (soot)  particles 
as  well  as  metal  oxide  particulates  are 
potential  sites  for  this  process. 
From  the  description  of  the  above  processes, 
it  is  apparent  that  several  factors  are 
important  in  determining  the  degree  to  which 
sulfur  dioxide  will  be  converted  to  sulfuric* 
acid  and  other  sulfate  aerosols.  Significant 
atmospheric  factors  include  the: 
o  presence  of*  HC  and  NOx 
o  presence  of  catalysts 
p  presence  of  atmospheric  ammonia 
o  presence  of  adsorbent  particles 
o  solar  radiation  intensity 
o  temperature  and  humidity 
Actual  measurements  indicate  that  the  rate  of 
sulfate  formation  is  very  sensitive  to  these 
factors.     Measured  oxidation  rates  vary  from 
approximately  .01  tb  50  percent  per  hour. 
Another  important  factor  affecting  the  total 
amount  of  sulfate  produced  is  residence  tiiqe  in 
the  atmospher^  —  the  longer  the  time  for 
reaction^  the  greater  the  conversion  of  sulfur 
dioxide^  to  sulfate. 

As  to  the  dependence  of  sulfate  on  sulfur 
dioxide,  it  appears  that  at  low  sulfur  dioxide 
concentrations  all  three  of  the  chemical 
reaction  mechanisms  are  such  that  the  rate  of 
sulfate  production  is  directly  propo^rtional  to 
sulfur  dioxide  concentrations.     For  given  values 
or  the  other  relevant  parameters  and  for  a  given 
residence  time,  the  amonn*-  <>f  sulfat^e  yield 
would  be  directly  proportional  to  sulfur  dioxide 
input.     However,  at  nigher  sulfur  dioxide 
concentrations,  there  are  reasons  to  expect  that 
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Qulfate  yield  would  become  less  than 
proportional        total  Qulfur  dioxide  input. 
First  of  all^  at  higher  Qulfur  dioxide  levels, 
insufficient  ammonia  may  be  present  in  the 
ambient  air  -to  prevent  aqeous  droplets  from 
becoming  strongly  acidic.     Since  sulfur  dioxide 
is  less  soluble  in  acid  solutions;  the  depletion 
of  ammonia  would  reduce  the 'rate  of  sulfate 
produotion  from  process   (2)   above   (Roberts  1974, 
Junge  anti  Ryan  1958).     Second,  theoretical 
analyses  of  the  gaseous  reactions  in  mechanism 
(1)   havp  indicated  that  the  relative  rate  of 
oxidation  should  decrease  at  higher  sulfur- 
dioxide  levels   (Roberts  1974,  Cox  and  Penkett 
19^72)  .     Third,  process   (3)   may  yield  non-linear 
results  at  high  sulfur  dioxide  levels  due  to'  . 
saturation  of  adsorption  sites   (Roberts  1974) . 

The  implications  of  the  above  discussioq  of 
\the  chemical  reaction  mechanisms  are  summarized 
£h  Figure  6-6a,  which  provides  a  qualitative 
illustration  of  the  dependence  of  sulfate  levels 
on  sulfur  dioxide  input  for  fixed  residence  time 
and  other  parameters.     At  low  sulfur  dioxide 
leyels^  the  dependence  should  be  nearly  linear. 
A;t  higher  sulfur  dioxide  levels,  nonlinear 
saturation  effects  take  hold  and  the 
relationship  becomes  less  than  proportional. 
The  sulfur  dioxide  level  at  which  nonlinear ities 
set  in  is  not  known;  this  critical  level  will 
vary  from  case' to  case  and  will  depend  on  the 
key  parameters  described  previously  (e.g., 
amounts  of  NH3,  HC,  NOx  present , adsorbent 
suVface,'  etc.)  . 

Actually,!  in  a  real  air  basin  one  would 
expect  a  slightly^ modified  picture.  A 
^     background  sulfate  level  will  exist  due  to 

natural  sources  as  well  as  to  man-made  emissions 
external  to,  the  region  in  question.     Thus,  the 
effect  of  man-made  sulfur  dioxide  emissions  in  a 
^  region  on  sulfate  levels  for  that  region  should 

be  as  depicted  in  Figure  6-6b.     Figure  6-6b  is 
similar  to  Figure  6-6a  except  that  sulfate 
levels  reduce  to  a  finite  background  level  when 
sulfur  dioxide  emissions  are  eliminated. 

Atmospheric  data  appear  to  be  consistent 
with  the  abdve  discussion  of  the  dependence  of 
sulfate  on  sulfur  dioxide.     Altshuller  analyzed 
NASN  sulfate  and  sulfur  dioxide  data  from  18 
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FIGURE  6-6aj 
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urban  monitoring  oites  for  the  period  1964  to 
1968,     He  found  that  annual  avei^ge  sulfate 
lev«la  initially  increased  linearly  above  mean 
background'  concentrations  when  plotted  against 
annual  average  sulfur  dioxide^  but  that  sulfate 
formation  levelled  off  at  higher  sulfur  dioxide 
levels.     A  siBiilar  nonlinearity  was  observed  ±n 
a  recent  study  of  Los  Angeles  data  (Trijonis  et 
al.   1974) •     However,  these  aerometric  results  do 
not  necessarily  cohfirm  the  theory  that  basic 
non-linearities  exist  in  the  relationship  of 
sulfate  yield  to  sulfur  dioxide  input,  since 
alternative  explanation^have  been  suggested  for 
the  appearance  of  non-linearities  in  the 
atmospheitfic  data   (Frank  1974).  ^ 

One/lurther  point  should  be  men^oned 
concerning  the  relationship  of  sul^te  air 
quality  to  SOx  emissions.    The  above  discussion 
of  the  dependence  of  sulfate  on  SOx  emissions  is 
appropriate  to  the  case  when  all  emission 
sources  in  a  region  are  altered  in  the  same 
proportion  (i.e.,  when  the  relative  spatial 
distribution  of  emissions  remains  fixed) .  Urban 
sulfate  levels  may  not  respond  to  total  SOx 
emissions  in  a  consistent  manneir  if  the  spatial 
distribution  of  emissions  is  changed.     It  may  be 
possible  €o  increase  total  SOx  emissions  in  a 
region  but  yet'  decrease  urban  sulfate 
concentrations   (or  alternatively  to  decrease 
total  SOx  emissions  but  increase  sulfate) ,  by 
changing  the  spatial  pattern  of  emissions. 
Generally,  for  urban  regions  with  significant 
photochemical  smog  activity  or  with  high 
concentrations  of  atmospheric  catalysts  (e.g., 
from  metallurgical  industries) ,  local  SOx 
sources  are  much  more  important,  on  a  per  ton 
basis,  than  distant  SOx  sources  to  local  sulfate 
air  quality.     This  is  because  high  local 
oxidation  rates  lead  to  considerable  sulfate 
production  from  local  SOx  emissions.  For 
regions  %d.th  very  low  oxidation  rates,  e.g., 
regions  with  little  photochemical  smog  and  low 
levels  of  atmospheric  catalysts,  distant  sources 
could  be  more  important,  on  a  per  ton  JDasis, 
than  loca3f  sources  to  sulfate  air  quality. 

One  aspect  of  SOx  emission  distribution  . 
deserves  special  note.     SOx  emissions  from 
stacks  are  probably  more  important  than  ground 
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level  sOk  emissiono  to  sulfate  levels' some 
distance  downwind  of  the  source  area.  SOx 
emissions  from  ground  level  sources  encounter 
more  initial  interaction  with  plants  and  soil; 
thus,  a  good  bit  of  the  sulfur  dioxide  is  lost 
by  dry  deposition  before  sulfate  can  be  formed. 
Research  has  not  yet  delineated  the  general 
significance  of  this  factor.     In  any  case, 
before  this  factor  can  be  used  as  afi  argument 
against  tall  stack  control,  it  should  be 
remembered  that  sources  which  are  suitable  for 
tall  stacks  usually  will  be  fitted  with  some 
sort  of  stack;   the  dry  deposition  factor  is  most 
relevant  in  compaT?ing  ground  level  sources  vs, 
stack  sources  and  may^not  be  very  significant  in 
comparing  medium  stacks  vs.  tall  stacks  (Gifford 
1975;   Bolin  et  al.    1974) . 

Mathematical-meteorological  models  which  can 
accurately  a'ssess  the  impact  of  changes  in 
spatial  distribution  of  sOx  emissions  on  sulfate 
air  quality  are  only  in  the  initial  stage  of 
development,    (Altshuller , 197a ,  Mills  1974). 
Reliable  models  of  this  type  do *not  now  exist. 
One  of  the  main  difficulties  involved  in 
formulating  these  models  is  the  uncertainty  that 
exists  concerning  sulfur  dioxide  oxidation  rates 
under  various  atmospheric  conditions. 
Uhcertainty  also 'exists  concerning  pollutant 
deposition  to  the  ground  and  dispersal  at  the 
top  of  mixing  layers.. 


AMBIEJJT  AIl^  QUALITY  TRENDS 
FOR  SULFUR  DIOXIDE  AND  SULFATE 

Figure  6-7  summarizes' recent  trends   (196a  to 
1971)   in  ambient  sulfur  dioxide  concentrations 
at  urban.^  monitoring  sites  in  the  United  States 
(EPA  1973).     Table- 6-a  provides  the  trend  in' 
terms  of  the  number  of  violations  of  the  annual 
Federal  primary  air  quality  standard  for  sulfur 
dioxide   (EPA  1973).     it  is  evident  that 
substantial  improvemdht  in  sulfur  dioxide  air 
quality  hAs  occurred  at  urban  monitoring  sites 
from  196a  to  1971.     The  average  sulfur  dioxide 
level  for  urban  NASN  stations  decreased  by  about 
50  percent,  and  the  number  of  stations  violating 
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FIGURE  6-7:  i^verage  Sulfur  Dioxide  Concenttations 
at  32  Urban  NASN  Stations 
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the  national  primary  standard  has  dropped  from 
about  one- third  of  the  total  to  zero. 

Sulfate  trends  for  urban  NASH  monitoring 
sites  are  summarized  in  Figure  6-8  (EPA  1973). 
This  figure  does  not  indicate  any  discernable 
long  term  trend  in  urban  sulfate  concentrations. 
A  recent  statistical  study  of  NASN  data  (Frank 
197«»)  has  confirmed  the  conclusion  that  urban 
sulfate  levels  have  remained  essentially 
..^unchanged  from  1964  to  1970.  ,^         «c  o% 

The  data  on  SOx  emission  trends  (Table  '^-2) 
and  on  sulfur  dioxide  and  sulfate  ambient  air 
quality  trends   (Figures  6-7  and  6-8)  present  an 
apparent  paradox.     During  the  1960«s,  total  SOx 
emissions  increased  by  45  percent  on  a 
nationwide  basis.     In  contrast,  urban  sulfur 
dioxide  concentrations  decreased  by  about  50 
percent  while  average  urban  sulfate  levels 
remained  constant  during  this  period,  ^ 

A  more  in-depth  analysis  of  changes  in  SOx 
emission  during  the  1960«s  provides  a  plausible 
'    explanation  for  these  trends.    Although  total 

SOx  emissions  increased,  there  was  also  a 
\   significant  shift  in  the  spatial  distribution  of 
emissions.     The  SOx  emission  increase  occurred 
primarily  at  large  point  sources,  about  seven- 
eighths  of  the  increase  being  from  electric 
power  plants  ^d  about  one-eighth  from 
.  industrial  process  sources.     Many  of  these 
facilities  are  located  outside  central-city 
areas  and/or  are  equipped  with  tall  stacks. 
Those  large  sources  which  Were  situated  in 
central-city  areas  tended  to  be  most  affected  by 
air  pollution  control  policies;  they  either 
switched  to  cleaner  fuels,  relocated,  or  phased 
down  their  operating  levels   (Frank  1S7a,-  EPA 
1973).     Thus,  the  SOx  emission  increase  tended 
'    to  occur  at  facilities  with  large  stacks  and  in 
locations  away  from  central-city  areas ^  In 
fact,  emissions  from  point  sources  in  urban 
areas  might  actually  have  decreased. 
Furthermore,  the  most  significant  ground-level 
sources  of  SOx  emissions  in  urban  areas, 
(residential  and  commercial  sources)   exhibited  a 
significant  decrease  in  SOx  emissions. 3 

Central-city/groiand-level  emissions  are 
substantially  more  important  to  central- 
city/ground-level  ambient  air  quality  than  are 
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rural  and/or  tall  stack  emissions.  Modeling 
studies,  as  wefl  as  some  aeormetric  data, 
indicate  that  (on  a  per  ton  basis)   ground  level 
emissions  are  typically  about  5  .to  10  times  more 
important  (EPA  1973,  Wiedersum  and  Barr  1973, 
Woodburg  1972,  Golden  and  Morgan  1971,  IQational 
Air  Pollution  Control  Adm.   1970).     The  relative 
importance  (to  central-city  sulfur  dioxide  air 
quality)  of  -  central-city  emissions  compared  to 
rural  emissions  is  probably  much  greater.  With 
these  factors  in  mind,  it  seems  reasonable  to 
expect  that  reductions  in  urban  SOx  emissions 
could  lead  to  significant  improvement  in 
central-city/ground-level  sulfur  dioxide  air 
quality  in  spite  of  an  increase  in  total, 
nationwide  SOx  emissions.    Apparently  this  is 
what  has  happened. 

The  absence  of  significant  urban  sulfate 
trend  can  be  accounted  for  in  a  manner 
consistent  with  the  above  discussion.  Since 
sulfur  dioxide  emissions  continually  oxidize  to 
form  sulfate,  distant  sources  are  relatively 
more  important  for  determining  ambient  sulfate 
levels  than  they*  are  for  determining  anibient 
sulfur  dioxide  contributions. 

An  indication  that  long-term  transport  is 
more  important  for  sulfate  than  for  sulfur 
dioxide  is  that  sulfate  concentrations  at  non- 
urban  sites  are  often  greater  than  s.ulf ur 
dioxide  concentrations  at  those  sites.    This  is 
particularly  evident  in  the  northeastern,  United 
States,  where  non-urban  sulfate  levels  range 
from  6-12  ug/m'.     The  non-urban  air  quality 
picture  is  in  contrast  with  the  ur^n  situation, 
where  sulfur  dioxide  concentratioa»are 
typipally  4  to  5  times  greater  than  sulfate 
\Conc  ent rat i  ons . 

It  has  been  estimated  that  distant  sources 
are  about  one- half  as  important  (on  a  per  .ton 
basis)  as  urban,  ground-level  sources  to 
formation  of  urban,  ground-level  sulfate  (EPA 
1974) .     This  estimated  relative  importance  for 
urban  sulfate  air  quality  is  significantly 
greater  than  the  relative  importance  attached  to 
the  contribution  of  distant  emissions  to  urban 
sulfur  dioxide  air  quality.     For  urban  sulfate 
formation,  it  is  quite  possible  that  the 
increase  is  SOx  emissions  from  tall  stacks 
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and/or  from  rural  areas  was  enough  to  negate  the 
decrease  in  central-city/ground-- level  sOx 
emissions;  thus  urban  sulfate  levels  remained 
relatively  constant. 

Another  important  factor  in  explaining  the 
absence  .of  an  increase  or  decrease  in  ambient 
sulfate  concentrations  may  be  the  nonlinearities 
involved  in  the  sulfur  dioxide/sulf ate 
relationship,    As  mentioned  in  the  previous 
section^  sulfate  should  increase  proportional  to 
the  increase  in  sulfur  dioxide  ambient 
concentrations  at  low  sulfur  dioxide  levels. 
However^  at  higher  sulfur  dioxide 
concentrations^  sulfate  formation  may  level  off 
due  to  saturation  effects  which  tend  to  cause 
sulfate  production  to  be  insensitive  to 
variations  in  sulfur  dioxide  levels. 


Ambient  Non-urjaan  Trendy 

It  was  suggested  above  that  trends^  in  urban 
concentrations  of  sulfur  dioxide  and  sulfate 
could  be  explained  by  the  recent  increase  in 
rural,  tall  stack  SOx  emissions,  accompanied  by 
a  concomitant  decrease  in  central*»city/ground- 
level  SOx  emissions.     In*  order  to  further 
support  this  hypothesis,  it  would  be  useful  to 
examine  ambient  nori-urban  sulfur  dioxide  and 
sulfate  trends. 

Unfortunately,  sulfur  dioxide  data  from  non- 
urban  locations,  are  extremely  sparse.  Yearly 
sulfur  dioxide  summaries  from  NASN  data  are 
typically  available  only  for  about  5  to  7  non- 
urban  locations,  and  the  locations  reporting 
information  often  differ  from  year  to  year  (EPA 
1972,   1972,   1971) •     A  recent  report  on  ambient 
sulfur  dioxide  trends  concluded  that  sulfur 
dioxide  data  at  non-urban  stations  are  too 
sca^rce  to  justify  formal  analysis   (EPA  1973). 

Considerable  data  are  available  on  non-urban' 
sulfate  concentrations.     Appendix  A  presents  the 
annual  average  sulfate  levels  measured  at  non- 
urban  sites  from  1960  to  1970.     These  data  have 
been  interpreted  as  indicating  that  non-urban 
sulfate  levels  have  remained  relatively  constant 
during  the  1960«s.     This  interpretation  is  based 
on  the  non-urban  sulfate  line^n  Figure  6-8. 
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However,  Flgui^p  6*8  is  a  smoothed  trend  line  fit 
to  the  averages  of         non-urban  NASN 
measurements.     As  indicated  in  Ajppendix  A,  a 
considerable  ntimber  of  new  non-urban  monitoring 
sites  were  added  in  the  mid* 1960*8;  thus,  the 
non-urban  trend  line  in  Figure  6-8  represents 
different  sets  of  locations  duifing  different 
years.     In  order  to  examine  trends  in  a  rigorous 
manner,  the  measurements  from  year  to  year 
should  be  examined  for  the  s§5ie  set  of 
locations. 

Figures  6- 9a  and  6- 9b  summarize  average  non- 
urban  sulfate  concentrations  for  fixed  sets  of 
locations  during  the  1960 's.     Figui^e  b-9a 
represents  nationwide  data,  while  figure  6- 9b 
includes  northeastern  locations  only.     Data  are 
sufficient  to  establish  average  non-urban  trends 
from  1962  to  1970  at  only  9  locations 
nationwide,  and  7  locations  in  the  northeast. 
Non-urban  sulfate  trends  can  be  examined  at  27 
nationwide  locations   (including  the 
aforementioned  9  sites)   and  11  northeastern 
locations  (including  the  aforementioned  7  sites) 
for  the  years  1965  to  1970. 

Although  the  non -urban  sulfate  averages 
fluctuate  from  year  to  year.  Figures  6-9a  and  6- 
9b  do  indicate  a  general  increase  in  sulfatfe 
concentrations,  both  nationwide  and  in  the 
northeast*    This  result  is  in  contrast  witJ^  th^ 
non-Urban  suffate  data  in  Figure  6-8,  which  did 
not  indicate  a  distinct  trend.     In  Figure  6-8, 
the  increasing  non-urban  sulfate  trend  was 
apparently  disgxiised  1:^  the  addition. of  data  in 
the  mid-60* s  from  new  monitoring  sites  which  had 
lower  average  sulfate  levels  than  the  locations 
which  provided  data  during  the  early  1960 's.  ^ 

The  data  in  Figures  6-9a  and  6-9b  are  not 
conclusive  enough  to  support  firm,  quantitative 
analysis.     However,  if  one  accepts  the  validity' 
of  the  upper  (9  and  1  station) ' trend  lines  and 
assumes  an  average  natural  background  level  of  1 
to  ^  ug/m^,  it  appears  that  man-made  sulfate  has 
increased  by  about  UO  to  100^  percent  in  non- 
urban  areas  during  the  1960's.     This  increase  is 
qualitatively  in  agreement  with  the  trends  in 
SOx  emissions  which  were  discussed  earlier. 
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«  7  Locotiono  (1962-1970 
11  Locations  11965-1970) 


ol  \  I        I  _J  I  \  1  1 

1962  1965  1966    1967  1968  1969  1970 

A     •  YEAR 

FIGURE  6-9a:     Nonurban  Sulfate  Trends  in  the 
United  States 

(NASN  Data^^See  Appendix  A) 

*Prior  to  1965,  data  are -sufficient  to  establish 
trend:     only  for  9  locations 
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THE  A IB  QUALITY  IMPACT  OF  PROJECTED  J 
INCREASES  IN  POWER  PLANT  EMISSIONgT 

As  noted  in  Section  1  of  this  paper,  recent 
forecasts  indicate  that  power  plant  SOx 
emi8sioni3  will  double  between  1970  and  1980, 
asouming  that  no  new  emission  control  programs 
ace  initiated.     Thia  section  will  examine  the 
likely  impact  on  sulfur  dioxide  and  sulfate  air 
quality  to  be  expected  if  this  increase  in 
emissions  is  allowed  to  happen.    The  projected 
SOx  emission  increase  will  tend  to  occur  at 
power  plants  which  are  located  outside  of 
central^city  areas  and/or  which  are  .equipped  ^ 
with  tall  stacks.    Little  deterioration  in  urban 
sulfur  dioxide  air  quality  would  be  expected 
form  such  an  SOx  emission  increase.  However/ 
the  increase  in  sulfate  concentrations  could  be 
very  significant. 

A  thorough  and  ^yetematic  investigation  of 
the  air  quality  impact  associated  with .increased 
SQx  emissions  , from  power  plants  should  be 
carried  out  on  a  region  by  region  basis. 
Mathematical-meteorological  models  should  be 
utilized  to  calculate  changes  in  sulfur  dioxide 
air  quality  due  to  increased  total  SOx  emissions 
as  well  as  to  shifts  in  the  spatial  distribution 
of  ^hose  emissions.     Although  sophisticated 
meteorologiba^gpjapdels  are  not  available  for 
explaining  the  effect  on  sulfate  levels  due  to 
changes  in  SOx'  emissions,  simplified 
quantitative  analyses  should  be  performed  for 
sulfates  which  take  into  account  local 
background  levels  and  significant  features  of 
the  spatial  distribution  of  emissions.     Such  a 
detailed  analysis  is  not  possible  within  the 
time  frame  of  this  study;  here^  only  a  very 
approximate  estimate  will  be  made  of  the  total 
nationwide  impact  on  sulfur  dioxide  and  sulfate 
levels. 

For  the  purposes  of  this  discussion,  it  will 
be  assumed  that  power  plant  SOx  emissions  will 
double  from  1970  to  1980  and  that  SOx  emissions 
from  other  sources  will  remain  constant.  This 
hypothetical  situation  is  summarized  in  Table  6- 
5.     It  will  also  be  assumed  tha€  the  increase  in 
power  plant  SOx  emissions  will  occur  at  plants 
which  are  equipped  with  tall  stacks  and/ or  which 
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are  located  outside  contral-city  areas.  As 
noted  earlier,  these  "distant"  emissions  tend  to 
be  less  important  to  urban/ ground- level  air 
quality  than  emissions  from  urban/ground-level 
Qourceo.     The  impact  on  urban  air  quality  will 
be  calculated  here  by  assigning  relative-^^ 
importance  factors  to  power  plant  emii^ions ^  x 
compared  to  emission^  from  other  sources.  \ 


TABLE  6-5.   THE  HYPOTHETICAL  NATIONAL  SOx  EMISSION 
INCREASE  TO  BE  EVALUATED  HERE 

1970  Emissions  1980  Emissions 

Power  Plants  19^00^   38,000  (♦100X) 

Other  sotirces  14,000        \  14^000 

Total         ,  33,0Q0  |  52,000  (♦58X) 

On      per  ton  basisT^ur^ban/tall  Stack  .SOx 
emissions  are  about  1/5  or  1/10  as  important  to 
urban/ground-level  aulfur  dioxide  concentrations 
as  are  emissions  from  urban/ground-level 
sources,    (see  discussion  in  previoijs  section). 
Also,  on  a  per  ton  basis,  rural  SOx  emissions  <>> 
are  of  essentially  negligible  importance  to 
urban  sulfur  dioxide  air  quality  as  compared  to 
urban  SOx  emissions.     With  these  considerations 
in  mind,  it  appears  reasonable  to  assign  a  range 
of  near  0  to  1/5  fof  the  relative  importance 
factor  of  power  plant  SOx  emissions  vs.  other 
so'x  emissions  to  urban/ground- level  sulfur 
dioxide  air  quality.     Using  this  range,  th'e 
forecasted  increase  in  national  urban/ground- 
level  sulfur  dioxide  concentrations  from  the 
projected  increase  in  power  plant  SOx  emissions  B 
would  be  expected  to  range  from  near  OX  up  to 
20X.     (See  Table  6-6L 

The  relative  importance  of  "distant"  SOx 
emission  sources  as  compared  to  urban/ground- 
level  SOx  sources  to  urban/ ground-level  sulfate 
depends  a  great  deal  on  regional  charac- 
teristics,    for  urban  areas  with  substsmtial 
photochemical  smog  activity  or  with  high 
concentrations  of  atmospheric  catalysts  .  (e. g. , 
from  metallurgical  industries) ,  local  SOx 
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sources  are  much  more  important  to  resulting 
local  sulfate  air  quality  on  a  per  ton  basis ^ 
than  are  distant  SOx  sources •     In  these  urban 
areas,  high  local  oxidation  rates* lead  to 
considerable  sulfate  formation  from  local  SOx 
emissions r  and,  the  relative  Importance  factor 
for  distant  emissions  would  be  low  (Finklea, 
personal  conversation  1974).     In  the  opposite 
situation r  for  urban  areas  wiith  very  low 
oxidation  rates  due  to  the  absence  of  both 
photochemical  activity  and  atmospheric 
catalysts,  distant  SOx  sources  can  be  of  equal 
or  greater  importance  to  resulting  sulfate  air 
quality  on  a  per  ton  basis  than  local  SOx 
sources   (Finklea,  Personal  Conversation  1974) . 
In  such  cases,  the)  relative  importance  factor 
for  distant  SOx  emissions  sources  could  reach 
(or  exceed)   one.  / 

Recent  EPA  studies  ot  trends  in  .SOx 
emissions  and  sulfate  air  quality  for  different 
regions  have  shed  some  light  on  the  issue  of 
relative  importance  of  distant  vs.  local  sources 
to  sulfate  air  quality  (Finklea,  personal 
conversation  1974).     From  the  results  of  these 
studies,  4$r  would  appear  that  the  average 
nationwide  relative  importance  factor  for 
distant  sources  compared  to  local  sources,  on  a 
per  ton  basis,  lies  between  1/4  and  1.     It  is 
^     assumed  here  that  this  range  is  appropriate  in 
comparing  power  plant  SOx  emissions  to  SOx 
emissions  from  other ^sources.     By  accepting  this 
range,  by  accounting  for  natural  background 
sulfate  concentrations,  and  by  using  a  linear  re- 
lationship of  ambieni^sulf ate  concentrations,  to 
SOx  emissions,   the  forecasted  increase  in  urban  sul- 

>^  fate  levels  due  to  the  projected  doubling  of  power 
plant  emissions  v/ould  be  +20  percent  to  +40  percent, 
(see  Table  6--7)  .     As  noted  in  Section  3,  the 
increase  in  sulfate  may  be^less  than  this  due  to 
nonlinearities  in  the  relationship  of  sulfate  to 
sulfur  dioxide.     to  allow  for  uncertainty 
concerning  the  non-linear  effect,  the  lower 

^      bound  of  the  estimated  urban  sulfate  increase 
should  be  reduced.     A  predicted  urban  sulfate 
increase  in  the  range'  of  10  percent  to  40 
percent  appears  reasonable. 

To  summarize,  we  have  examined  the  impact  on 
urban  sulfur  dioxide  and  sulfate  air  quality  to 
be  expected  from  a  hypothetical  doubling  of 
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power  plant  SOx  emissions.     Properly,  such  an 
analysis  should  be  carried  out  on  a  region  by 
region  basis,  using  available  models  for  sulfur, 
dioxide  and  formulating  simple  quantitative 
models  for  sulfate,   ^Because  of  time  limitations, 
only  a  very  approximate  estimate  of  nationwide 
air  quality  changes  is  presented  here.  This 

^^j^timate  indicates  that  the  expected  increase  in 
^aitxonwide  urban  sulfur  dioxide  concentrations 
!WOuld  be  in  the  range  of  0  percent  to  20 

i^percent,  while  the  likely  increase  in  nationwide 
urban  sulfate  concentrations  would  range  from  10 
percent  to  40  percent. 
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CHAPTER  7 


SULFATES  AND  ACIDITY  IN  PRECIPITATION;  * 
THEIR  RELATIONSHIP  TO  EMISSIONS  AND  REGIQNAT. 
TOANSPORT  OF  SULFUR  OXIDES 


(Chapter  7  was  written  by  Ian  Niabet 
under  the  general  supervision  of  the 
comndttee,  which  reviewed  the  work  at 
several  stages  and  suggested 
modifications  which  have  been  in- 
corporated.    While  every  committee 
member  has  not  necessarily  read  and 
agreed  to  every  detailed  statement 
contained  within,  the  committee 
believes  that  the  material  is  of 
sufficient  merit  and  relevance  to  be 
included  in  this  report,) 


INTRODUCTION 

The  principal  route  by  which  sulfates  are 
returned  to  earth  is  in  precipitation  (Kellogg 
et  ^1,   1972,  Rodhe  1972,  Robinson  and  Robbins 
1968,  Eriksson  1963,  Bolin  et  al,   1971).  Hence- 
-with  certain  important  limitations  to  be 
discussed  below — the  occurrence  of  sulfates  in 
precipitation  can  provide  useful  information 
about  the  distribution  and  deposition  of 
sulfates.     Such  information  is  needed  to 
complement  the  somewhat  limited  data  provided  by 
direct  measurements  of  ambient  concentrations  of 
suspended  sulfates.     This  chapter  of  the  report 
sunmiarizes  observations  of  sulfates  in 
precipitation,  and  uses  them  to  amplify  the 
evidence  given  in  Chapter  6  for  regional 
transport  of  sulfur  oxides  and  a  secular 
increase  in  sulfate  concentrations.  This 
section  also  summarizes  measurements  of  the 
acidity  of  precipitation,  which  has  attracted 
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much  attention  in  recGnt  years ^  both  in  North 
America  (Likens  et  al*  1972,  Likens  and  Bormann 
1974,  Cogbill  and  Likens  1974,  Likens  1972)  and 
in  Europe  (Bolin  et  al,   1971,  Oden  1968,  Brosset 
1973) The  acidity  of  rainfall  is  not  only  of 
importance  in  itself,  because  of  its  known  or 
suspected  effects  on  biological  systems  (Chapter 
5) ,  but  can  give  indirect  information — otherwise 
lacking-about  the  acidity  of  the  suspended 
sulfates. 


THE  SULFUR  CYCLE  AND  SULFATE  DEPOSITION 

yhe  occurrence  of  sulfates  in  rain  and  snow 
must  be  interpreted  in  the  context  of  the -sulfur 
cycle  in  nature   (Kellogg  et  al.   1972,  Rodhe 
1973,  Robinson  and  Robbins  1968,  Eriksson  1963, 
Bolin  et  al-   197Ji)-     Sulfur  is  introduced  into 
the  atmosphere  by  three  principal  routes:  in 
spray  from  ocean  vJaves  (primarily  in  the  form  of 
neutral  sulfates) ;  by  decomposition  of 
biological  materials  (primarily  in  the  form  of 
hydrogen  sulfide) ;  and  by  combustion  of  fossil 
fuels  (primarily  in  the  form  of  sulfur  dioxide) 
After  transport  and  oxidation,  it  is  returned  to 
earth  by  foxir  principal  routes: 

(a)  absorption  of  gaseous  sulfur  dioxide  by 
the  soil  or  vegetation; 

(b)  deposition  of  sulfur  dioxide  in  rain  or 
snow; 

(c)  deposition  of  sulfates  (including 
sulfuric  acid)  in  rain  or  snow; 

(d)  dry  deposition  of  particles  containing 
sulfates. 

studies  of  the  sulfur  cycle  (Kellogg  et  al- 
1972,  Rodhe  1972,  Robinson  and  Robbins  1968, 
Eriksson  1963,  Bolin  et  al.   1971)   suqqest  that 
(a)   and  (c)--diredt  absorption  of  sulfur  dioxide 
and  deposition  of  sulfates. in  precipitation — are 
the  most  important  routes  of  deposition. 
Concentrations  of  sulfur  dioxide  in  precip- 
itation appear  to'  be  generally  low  in  comparison 
with  those  of  surfates  (Miller  and  de  Pena  1972, 
Dana  et  al,   1973),  and  suspended  sulfates  are 
generally  on  small  particles  which  are  deposited 
very  slowly  (Garland  1974). 
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;0n  a  global  basis,  deposition  of  sulfates  in 
precipitation  is  estimated  to  account  for 
percent  of  the  sulfur  deposited  on  lar^d;  direct* 
absorption  of  siUfyir  dioxide  accounts  fot  much 
of  the  rest   (Kellogg. et  al,   1972,  Rodhe  1972, 
IRobinson  and  Robbins  1968,  Eriksson  1963,  Bolin 
et  al.   1971) •     According  to  the  models  of  sulfur 
transport  and  deposition  outlined  in  Chapter  6 
and  in  Chapter  13   (Appendix  A),  direct 
absorption  will  be  relatively  important  in 
circumstances  where  the  oxidation  rate  of  sulfur 
dioxide  to  sulfates  is  low  (especially  in  dry, 
unpolluted  air).     Deposition  of  sulfates  will  be 
more  J^portant  wher^  th^  oxidation  rate  of 
sulfur  dioxide  is  high,  or  far  downwind  from 
sources  where  ambient  concentrations  of  sulfur 
dioxide  are  low. 

Two  principal  processes  lead  to  the 
occuri^ence  of  sulfates,  including  sulfxiric  acid^ 
in  precipitation:    (a)  the  absorption  of  sulfur 
dioxide  into  cloud  droplets,  with  subsequent 
oxidation   (Miller  and  de  pena  1972,  Dana  et  al. 
1973,  Beilke  and  Georgii  1968,  Petrenchuk  and 
Drozdova  1966)2;    (b)   the  uptake  of  suspended 
particulate  sulfates  into  raindrops   (Kellogg  et 
al.   1972,  Miller  and  de  Pena  1972) .     Where  the 
ambient  concentration  of  sulfure  dioxide  is  very 
high,  the  former  process  may  be  more  important 
(Kellogg  et  al.   1972,  Beilke  and  Georgii  1968, 
Petrenchuk  and  Drozdova  1966).     However,  where 
the  ambient  sulfur  dioxide  level  is  moderate  or 
low,  scavenging  of  suspended  particulates 
("washout")   is  probably  the  dominant  source  of 
sulfates  in  precipitation   (Liken^s  1972).  Hence, 
close  to  major  sources,  the  concentrations  of 
sulfates  and  acidity  in  precipitation  may  be 
determined  primarily  by  local  oxidation  of 
sulfur  dioxide;  far, from  major  sources  they  are 
likely  to  reflect  suspended  sulfate  levels. 
Thus,  with,  due  attention  to  the  likely  influence 
of  local  sources,  regional  patterns  of 
deposition  of  sulfates  can  provide  indirect 
information  about  the  distribution  of  airborne 
sulfates. 
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SULFATES  IN  PREC3fPITATI0N  IN  EASTERN  NORTH  AMERICA 

Large-Qcale  Qurveys  of  the  chemical' 
composition  of  precipitation  in  the  United 
States  were' conduced  in  1955-56   (Junge  1958^ 
Junge  and  Werby  1958)   and  in  1965-66  (Pearson 
and  Fioher  1971^  Lodge  et  il,   1968^  Gambell  and 
FlGher  1966) .     By  multiplying  the  average 
co^entratloh  of  sulfates  in  'precipitation  by 
thfe^Q^erved  rainfall  for  the  year^  it  is 
poGSiBTe-^o  calculate  the  total  amount  of 
sulfur    deposited  in  precipitation  per  unit  area 
at  each  station.     This  has'  been'  done  for  the 
195^5-56  survey  by  Eriksson  /1 960)  r  whose  map  of 
"excess" 3  sulfur  d^po^ition  i©  reproduced  here 
as  Figure  7Al.     It  iwill  be.  Qeen  that  the  rates 
'         of  sulfur  d^^ositiorr  were  relatively  high 

throughout  theJnoryae^stern  United  States;  the 
higheiDt  rates  [up  to^  13  kilograms  of  sulfur  per 
hectare  per  year  (kg/ha/yr) ]  were  observed  in 
western  P^niisylvania  knd  western  New  York. 
(Eriksson's  was' bashed  on  data  from  the 

United  States  alone r  in  view  of  subsequent.  ^ 
observations  of  high  rates  of  deposition  in 
southeasll^ Ontario   (Shiooii  and  Kuntz  197^)*  it  is 
/pV    likely  that  the  area  of  maximum  depo§iti<m' 
^\stiould  be  ext^fided  somewhat  further  to  the 

north) .  ?  *  • 

The  data  from  the  1965-^66  survey  (Pearsdti 
Bnd  Fisher  1971,  Lodge  et  al.   W68,  Gambell  and 
Fisher  1966)  ,  when  treated  in  Jdbe  's^m^  way,  ^ow 
a  ver^  similar  pattern,  but  w:Ah  consistently  • 
higher  rates  of  deposition.     At  nine  stations  ^ 
that  w^re  in  operation  during  both  surveys,  the 
average  rate  olN* sulfur  deposition  was  higher  by 
^  percent  ill  1965-66  than  in  1955-56.  Within 
the^rea  outlined  by  the  contour  line  for  9 
kg/ha/yr  in  1955-56,  all. stations  operated  in 
19^5-66  reported  deposition  rates  between  13  and 
^0  kg/ha/yr.     Similarly  the  contour  line  for  6 
kg/ha/yr  in  1955-56  corresponds  closely  to  that 
for  10  kg/ha/yr  in  1965-66.     Thus  there  appears 
to  have  been  an  increase  in  total  deposition  of 
sulfur  by  60-65  percent  during  the  decade,  with 
little  change  in  the  geographical  pattern  of 
distribution.     In  addition,  the  1965-66  survey 
indicated  especially  high  rates-  of  deposition  at 
three  urban  stations:  Chicago   (32-62  kg/ha/yr) , 
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Albany  (21  kg/ha/yr) ,  and  Philadelphia  (tSj 
kg/ha/yr) •  j 

No  comprehensive  survey  has  been  conducted 
since  1965-66.    Data  obtcd.ned  at  Hubbard^ook, 
New  Hampshire  (Table  7-1)  and  in  central /Nfew 
York  (Likens  1972)   suggest  a  levelling-of f  or 
even  a  decline  in  sulfur  deposition  rates 
betv^en  1965-66  and  1970-71.  However, 
relatively  high  deposition  rates  (average  17.2 
kg/ha/yr)  were  recorded  at  seven  stations  in 
southern  Ontario  in  1970-71   (Shiomi  and»Kuntz 
1974,  see  f n.  4) ;  deposition  at  the  Hubbard 
Brook  station  inci^eased  again  to  reach  its 
highest  level  in  1972--73  (Table  7-1)  ,  and 
relatively  high  deposition  rates  were  recorded 
at  five  other  widely  scattered  stations  operated 
by  NCAA/EPA  in  1972-73. «  Thus  the  available  data 
are  consistent  with -a  continued,  if  irregular, 
increase  in  sulfur  deposition  in  eastern  North 
America  since  1965-66. 

By  integrating  the  observed  deposition  rates 
in  the  areas  marked  on  the  maps  in  Figure  7-1, 
it  is  possible  to  estimate  the  total  amount  of 
sulfur  that  fell  out  as  sulfates  in 
precipitation  in  eastern  North  America  in  1955- 
56.     This  estimate,  together  with  corresponding 
estimates  for  1965-66  and  19/2-75,  is  given  in 
Table  7-2  and  compared  to  estimates  of  emissions 
In  the  same  area.     According  to  these  estimates, 
deposition  of  "excess"  sulfates  in  precipitation 
accounted  for. about  one-third  of  the  sulfur 
emitted  into  the  air  in  eastern  North  America. 
This  estimate  is  a  minimal  figure  for  the  frac- 
tion of  sulfur  dioxide  converted  to  sulfates, 
because  some  airborne  sulfates  must  be  carried 
eastwards  over  the  North  Atlantic  Ocean. 

Dtiring  the  17-year  period  under  review, 
total  deposition  of  sulfates  in  eastern  Horth 
America  has  roughly  doubled  (Table  7-2)  .  This 
is  probably  les^  rapid  tliau  the  increase  in 
emissions  from  power  plants  (about  200  percent) , 
but  more  rapid  than  the  increase  in  total  emis- 
sions in  the  area  (about  50  percent)  .  This 
suggests  tha^^  po^er  plants  are  somewhat  more 
important  thcoi  other  sources  in  leading  to 
sulfate  formation — perhaps  because  sulfur 
dioxide  emitted  from  stacks  is  mixed  better  with 
the  atmosphere  than  sulfur  dioxide  emitted  from 
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TABLE  7-2.     Comparison  of  SOo  Emissions  in 
Eastern  North  America^  with  Total  Deposition  of 
Sulfates  in  Precipitation 

(Units:     Million  tons  sulfur) 


1955-56 


1^^5-66  1972-73 


Estimated 
emissions 

Canada^ 

U.S.:  Electric 
power  plants^ 

U.S. :  Other  ! 
emissions^  n 

Natural  sources^ 

Total 

Estimated  depo- 
sition in  pre- 
cipitation 

Deposition  as  % 
of  emissions 


3.6 
1.8 

9.6 


2.9 

30% 


1.8 

5.6 

3.4 
1.8 

12.6 


4.7 

38% 


.yi.3 

8.9 

3.6 
1.8" 

15.6 

5.75 
37% 


Notes:     1.   The  area  considered  is  that  from  the 
Mississippi  River  east  to  the  Atlantic  Coast 
and  Nova  Scotia   (60E) ,  north  of  central  Alabama 
(33fl)  and  south  of  50N  (Winnipeg  to  the  Gulf 
of  St.  Lawrence) . 

2.  Canadian  emissions  for  1970  are  given 
in  Rennie  and  Halstead   (1973)  :     these  were  domi- 
nated by  the  emissions  from  the  Sudbury  smelters, 
which  have  probably  been  relatively  constant 
during  the  period  considered   (Beamish  and  Harvey 
1972,  Balsillie,  personal  communication). 

3.  U.S.  emissions  were  estimated  by  in- 
terpolating from  the  data  for  1950,  1960,  and 
1970  in  EPA(1973),  assuming  that  80  of  power  plant 
emissions  and  50  of  other  emissions  were  in  the 
area  considered  (cf.    13-10  and  Figure  6-2). 

4.  Natural  emissions  were  estimated  by 
scaling  the  global  estimate  of  ref.   1  in  propoi;- 
tion  to  the  area  under  consideration   (aboijt  2 
percent  of  the  earth's  land  surface)    (cf.  Rodhe 
1972). 

5.  An  increase  of  3  percent  per  year  is 
assumed  for  the  period  1965-1972:     this  is 
consistent  with  Table  7-1  and  other  data  quoted 
in  the  text,  and  also  with  6-9b. 
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souli^ces,  and  U>^e£ore  has  a  longer 
1  it  can  Jie  oxidized  to  sulfates 

 ^  3e  absorbed  by  the  ground,  if 

from  tall  stacks  and  low-level  sources 
^e  weighted  in  the  ratio  2:1,  the  observed 
increase  in  sulfate  deposition  would  be  roughly 
parallel  to  that  in  the  weighted  emissions. 

Very  few  data  are  available  on  sulfates  in 
^precipitation  prio  to  the  1955  survey.* 

ACIDITY  OF  PRECIPITATION  IN  EASTERN  NORTH  AMERICA 

Acid  rain  and  snow  have  been  reported  in  a 
number  of  localities  in  the*  eastern  and  north- 
eastern United  States*  (Likens  et  al.  1972, 
Likens  and  Bormann  1974,  ^Cogbill  and  Likens 
197a,  Likens  1972,  Johnson  et  al.  1972).  The 
only  larqe-scale  synoptic  survey  is  a  student- 
conductedNstudy  (Anon  1974)  carried  out  between 
15-31  March\l973.7  The  results  of  this  study, 
reproduced  here  as  Figure  7-2,  indicated  that 
rain  below  the  "normal"  pH  of  5.5»  was  falling  ^ 
throughout  most  of  the  eastern  United  States; 
the  pH  level  was  actually  below  5.0  over 
extensive  areas,  especially  in  the  Northeast. 
In  addition  there  were  small  areas  with  precip- 
itation pH  below^ 4  near  several  cities, 
including  Los  Angeles,  Chicago,  Evansville^ 
Louisville,  Birmingham,  Philadelphia,  1*bw  York, 
Providence,  and  Boston. 

No  direct  measurements  of  the  pH  of  precipi- 
tation in  the  United  States  prior  to  1959  appear 
to  be  available  (Likens  and  Bormann  1974,  Likens 
1972).     However,  Granat  (1972)  and  Cogbill  and 
Likens  (1974)  have  shown  that  is  is  possible  to 
compute  the  pH  of  chemically  analyzed,  rainwater 
samples  with  reasonable  accu^racy,  by  means  of  a 
* stoichiometric  balance  between  cations  and 
anions.    The  principle  of  the  method  is  shown  in 
Figure  7-3:  tests  have  shown  that  it  can  predict 
the  pH  of  precipitation  samples  within  40.1  unit 
(Cogbill  and  Likens  1974;  Figure  7-2). « 
Accordingly  Cogbill  and  Likens   (1974)  have  con- 
structed maps  of  the  average  pH  of 
precipitation, 10  based  upon  the  precipitation 
chemistry  data  obtained  in  the  surveys  conducted 
in  1955-56   (Jiinge  1958,  Junge  and  werby  1958) 
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FIGURE  7-3:  Chemical  Composition  of  Rainfall 
at  Hubbard  Brook,  New  Hampshire  (from  Cogbill 
and  Likens,  in  press,  1975) 
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and  1965-66   (Pearson  and  Fisher  1971,  Lodge  et 
al.   1968,  Gambell  and  Fisher  1966).     Both  maps 
show  that  precipitation  was  significantly 
acidified  (average  pH  below  5)   throughout  the 
northeastern  United  States;  the  area  most 
affected  (average  pH  below  4.5)  was  that  between 
eastern  Ohio  and  New  Hampshire.    The  map  for 
1965-66  is  reproduced  here  as  Figure  7-4. 
Comparison  of  the  two  maps  (Cogbill  and  Likens 
1974)   shows  that  a  general  increase  in  acidity 
had  occurred  in  the  intervening  decade:  the 
lowest  computed  pH«s  fell  from  4.42-4.47  in 
1955-56  to  4.20-4.35  in  1965-66. 

Cogbill  (personal  communicatioi^)   has  com- 
piled a  similar  map  of  precipitation  pH  for 
1972-73,  using  data  from  nine  stations  in  the 
United  States  (Coghill  and  Likens  1974,  ^ee  fn. 
5)  and  unpublished  data  from  12  stations  in 
Onta^rio.    This  map  indicates  a  marked  extension 
of  the  area  of  acid  precipitation,  especially  to 
the  south  and  west:  by, 1972-73  the  contour  line 
for  pH  5.0  included  the  entire  pnited  States 
east  of  the  Mississippi  River  except  for  the 
Gulf  Coast  area;  average  pH'»s  at  several 
stations  in  New  Vork  and  New  Hampshire  were  as 
low  as  4.05-4.09,  and  that  at  Gatlingburg, 
Tennessee  was  4.19  v(Cogbill  and  Likens  1974). 
Cogbill "s  1972-73  map  is  generally  consistent 
with  the  1973  student  survey  (Figure  7-1),  ^ 
except  that  the  latter  shows  more  fine  detail, 
including  the  pockets  of  very  acid  precipitation 
near  industrial/ cities. 

Other  reported  measurements  of  the  pH  of 
precipitation  are  generally  consistent  with  the 
three  maps  prepared  by  Cogbill  and  Likens.  A 
survey  conducted  between  1959  and  1964  showed 
consistently  low  pH«s  (below  5.5)   at  13  stations 
in  eastern  North  America^i:  the  principal 
difference  from  Figure  7^4  is  that  the  former 
survey  showed  lower  pH  values  at  Nantucket, 
Massachusetts,  and  in  northern  Maine,  suggesting 
greater  northeastward  extension  of  the  area 
affected  by  acid  precipitation  than  indicated  by 
Cogbill  and  Likens*  maps.    An  earlier  report  had 
indicated  significantly  acid  precipitation  in 
Nova  Scotia  (Herman  and  Gorham  1957) .    The  1959- 
1964  survey-'ad.so  showed  consistently  high 
acidity  (mean  pH  4.0)  at  an  urban  station  in 
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FIGURE  7-4,;     Acidity  of  Precipitation  irr  the 
Eastern  United  States  in  1965-66   (after  €ogbill 
and  Likdns,  1974:     Figure  4).     The  figures  given 
arfe  the  annual  average  pH  of  precipitation 
(footnote  8)  at  each  station   (derived  from  data 
in  Pearson  and  Fisher  1971,  Lodge  et  al .  1968, 
Gambell  and  Fisher  1966). 
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Philadelphia  (see  fn.  11).    Recent  data  from 
southern  Ontario*  (Wiebe  and  Whelpdale  1974,  Van 
Loon  1973) ,  from  ships  in  the  Upper  Great 
La)cesi2,  from  Massachusetts* 3,  Pennsylvania 
(Frohliger:  personal  communication)  ,  West 
Virginia  and  Maryland  (Frohliger:  personal 
communications,  Gordon  1972)  all  show  good 
agreement  with  Cogbill^s  unpublished  map  for 
1972-73.     Data  from  six  stations  in  central  New 
York  state  obtained  in  1970-71  showed  average  pH 
of  precipitation  in  the  range  3.91  to  4.02 
(Likens  1972). 

Analyses  of  rain  from  individual  storms  in 
New  York  state.  New  Hampshire,  and  elsewhere 
frequently  yield  pH  values  between  3  and  4 
(Likens  and  Bormann  1974,  Cogbill  and  Likens 
1974,  Likens  1972),  and  there  is  one  reported 
incident  of  rain  with  a  measured  pH  of  2.1 
(Likens  and  Bormann  1974).     In  New  York  and  New 
Hampshire  precipitation  is  significantly  mor0 
acid  in  the  summer  months  than  in  the  winter  >^ 
(Likens  and  Bormann  1974;  Likens  1972).     The  \ 
seasonal  difference  in  pH  at  some  stations  is^as 
great  as  0.4-0. 8  units,  and  at  Ithd^ca,  New  York, 
the  average  pH  of  rain  in  June-July  1971  wa$  as 
low  as  3.53  (Likens  1972).    A  similar  seasonal 
difference  was  recorded  during  the  1959-1964 
survey  at  several  stations  in  the  northeastern 
United  States,  but  not  elsewhere  (see  fn.  11). 
The  summer  peak  in  acidity  has  been  attributed 
tentatively  to  seasonal  differences  in  storm 
tracks  and  to  the  greater  humidity  in  summer, 
which  leads  to  more  rapid  oxidation  of  sulfur 
dioxide  to  sulfiSric  acid  (Likens  and  Bormamn 
1974). 

There  is  no  direct  information  about  the 
acidity  of  rain  in  the  eastern  United  States 
prior  to  1955,  but  there  is  indirect  evidence 
that  the  pH  of  precipitation  was  formerly  above 
5,7  over  wide  areas  where  it  is  now  below  4.5.i* 
Likens  and  Bormann  have  suggested  that  the  acid-- 
ification  of  rain  began  about  1950,  as  a 
consequence  of  the  decrease  in  emissions  of 
alkaline  fly  ash  from  coal --burning  plamts,  in 
combination  with  increasing  emissions  of  sulfur 
oxides  ^nd  nitrogen  oxides   (Likens  and' Bormann 
1974). 
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THE  RELATIONSHIP  OF  ACID  PRECIPITATION  TO  EMISSIONS 
OF  SULFUR  AND  NITROGEN  OXIDES 

By  multiplying  the  average  hydrogen  ion  con- 
centration observed  at  a  meteorological  station 
by  the  annual  rainfall,  an  estimate  can  be  de- 
rived for  the  total  rate  of  deposition  of  hy- 
drogen ions  per  unit  area,     Integrating  these 
computed  rates  of  deposition  over  the  areas 
marked  on  the  maps  by  Cogbill  and  Likens  (1974), 
it  is  then  possible  to  estimate  the  total 
quantity  of  hydrogen  ions  deposited  in  eastern 
North  America  in  the  course  of  a  year.  Such 
estimates  for  the  two  survey  years  1955-56  and 
1972-73  are  tabulated  on  the  first  line  of  Table 
7-3,     These  figures  suggest  tht  the  total  amount 
of  acid  falling  in  precipitation  increased  by  a 
factor  of  about  2.7  in  the  17  y^ars  1956-1973. 

The  principal  acids  involved  are  sulfuric 
and  nitric  acids,  with  small  quantities  of 
hydrochloric  aciB  at  some  stations  (see  Figmre 
7-3) •     Data  from  all  the  surveys  indicate  that 
the  ratio  of  sulfuric  to  nitric  acids  in 
precipitation  has  decreased  substantially  since 
1955/  because  the  concentrations  of  dissolved 
nitrates  have  increased  more  rapidly  than  those 
of  sulfates.    The  best  series  of  data  is  that 
from  Hubbard  Brook,  New  Hampshire,  where  the 
sulfate/nitrate  ratio  (expressed  on  an 
equivalent  weight  basis)  has  decreased  from 
about  3.0  to  2.2  between  1965  and  1973  (Likens 
and  Bormann  1974,  Cogbill:  personal 
communication) ,  and  from  Ithaca  and  Geneva,  New 
tork,  where  this  ratio  has  decreased  from  about 
3.5  to  2.0  between  1955  and  1973  (Cogbill  ^d 
Likens  1974,  Likens  1972).     Unfortunately  the 
concentrations  of  nitrates  in  precipitation  vary 
quite  widely,  and  all  three  of  these  stations 
have  atypically  low  sulfate/nitrate  ratios 
[those  at  nearby  stations  range  from  4  (Likens 
1972;  Table  13)  up  to  11  or  higher  (Shiomi  and 
Kuntz  1974)  ].     Averaging  all  the  data  available 
for  eastern  North  America,  a  sulfate/nitrate 
ratio  of  about  4  appears  reasonable  for  1955-56, 
and  a  ratio  of  about  3  for  1972-73.  These 
figures  have  been  used  in  Table  7-3  to  calculate 
the  changes  in  sulfuric  acid  and  nitric  acid 
deposition  since  1955. 
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The  last  two  lines  in  Table  7-3  compare  the 
calculated  depositidn  of  sulfuric  acid  with  the 
total  deposition  of  sulfates,  derived  from  Table 
7-2 •     The  fraction  of  sulfates  deposited  as 
sulfuric  acid,  averaged  over  the  entire  region, 
appears  to  have  increased  since  1955. »s  This 
result  is  consistent  with  the  hypothesis  of 
Granat   (1972) ,  that  the  supply  of  alkaline 
materials   (such  as  ammonia  or  calcium)  to  the 
atmosphere  is  limited:  once  this  supply  is  ex- 
hausted, emission  of  further  aoid- forming 
materials  is  expected  to  lead  to  a  rapid 
increase  in  acidity.         Further  support  for 
Granat's  hypothesis  is  provided  i>y  the  regional 
distribution  of  sulfates  and  acidity:  in  areas'^ 
where  the  sulfate  loading  is  high,  the  acid 
fraction  of  the  sulfates  is  disproportionately 
high.     For  example,  at  Ithaca,  New  York,  about 
80  percent  of  the  excess  sulfates  are  in  the 
form  of  sulfuric  acid  (Cogbill  and  Likens  197t»)  , 
in  comparison  with  the  regional  average  of  2^ 
percent   (Table  7-3)  . 

Another  noteworthy  feature  of  Table  7-3  is 
that  total  nitrates  in  precipitation  have 
increased  more  rapidly  (roughly  threefold  since 
1955)   than  sulfates   (roughly  twofold  in  the  same 
period) .     This  presumably  reflects  the  fact  that 
total  nitrogen  oxide  emissions  have  increased 
more  rapidly  than  sulfur  oxide  emissioiiB  (see 
Chapter  14  Figure  14-15).     The  increas^^Un 
nitrate  deposition  appears  to  have  been^Ore  , 
rapid  than  the  increase  in  total  nitrogeiK^oxide 
emissions   (which  roughly  doubled  between  t\955- 
1972) ,  but  matches  reasonably  well  the  increase 
'in  emissions  from  stationary  fuel  combustion  and 
industrial  processes   (which  rouqhly  tripled  in 
the  same  period) .     This  suggesfi  that  high  level 
emissions  are  more  important  than  ground  level 
emissions  in  leading  to  formation,  and  deposition 
of  nitrates,        in  just  the  way  that  was 
suggested  earlier  for  sulfates.     In  fact,  if 
attention  is  confined  to  high  level  emissions 
(power  plants,  smelters,-  and  industrial 
processes) ,  the  geographical  and  temporal 
patterns  of  emissions  of  sulfates  and  nitrates 
appear  to  match  well  the  patterns  of  emission  of 
sulfur  and  nitrogen  oxides. 


292 

-'^ 

TA3LE  7-3.     Depooition  of  Acid  in  Precipitation 
in  Eastern  North  America,  Assigned  to  Sulfuric  ^ 
•Acid  and  Nitric  Acid  According  to  the  Measured 
Sulfate/Nitrate  Ratio 

(Units:     10^  ton-equivalents  per^  year  --  See 

Note  1)  '  -  ^ 


Total  depositioti  of 
acid   (as  *H+ :  unit 
ao"^  tons) 


1955-56 


4,4 


1972-73     %'  change  1956-73 
11.9  +170% 


Estimate.<^  deposition 
as  sulfuric  acid 
(as  1/2  H2SO4 : 
unit  49  104  tons) 

Estimated  deposition 
as  nitric  acid  ^ 
(as  HNO^runit  6  3 

10^  tons)  ; 

Total  deposition 
of  sulfates  (from 
Table  2)     ^  '  , 
^(as  1/2  SO.  :unit  48 
lO"*  tons) 


3.5(80%)    8.7(73%)  +150%- 


a. 84  (19%)    2.86 (24%)  +240% 


18 


35 


+  95% 


Sulfuric  acid  as 
of  sulfates 


19% 


24% 


+  25% 


Notes :     1.     All  deposition  rate^  are  expressed  as 
multiples  of  the  chemical  equivalent  v/eight,  so  that 
rates  for  different  chemical  species  can  be  compared 
directly.     1  ton  H"*""  is  equivalent  to  49  tons  sulfuric 
acid  'or  to  63  tons  nitric  acid.     For  comparison  with 
emissions,   1  ton  H"*"  is  also  equivalent  to  32  tons 
SO^,   16  tons  sulfur,  or  30  tons  nitric  oxide. 

2.  A  small  but  increasing  fraction  of  the  acid 
in  precipitation  is  attributable  to  hydrochloric  acid 
(see  Figure  7-3  and  Likens  and  Bormann  1974, 
Cogbill  and  Likens  1974,  Likens  1972). 


ERIC 


33  ft 


293 


EVIDENCE  FOR  LONG  RAJJGE  TRANSPORT  AND  DEPOSITION 
OP  SULFUR  OXIDES 

The  pattern  of  sulfate  deposition  indicated 
in  Figure  7-1,  with  |.ts  peak  in  the  northeastern 
United  States,  agreed  closely  with  the 
distribution  of  QuspOnded  sulfates  plotted  in 
Figures  6-4  and  6-5,    A  slight  difference  is 
that  Eriksson's  map  (Figure  7-1)   suggests       .  ^ 
relatively  low  deposition  rates  near  the 
Atlantic  coast;  however,  this  was  based  on  data 
from  very  few  stations  and  high  deposition  rates  , 
were  recorded  in  the  1965-66  survey  (PearSon  and 
Fisher  1971). 

The  distribution  of  acidity  in  precipitation 
is  very  similar  to  that  of  sulfates  (Figures  7- 
2,  7-4) •     Pearson  and  Fisher  found  a  good 
correlation  between  acidity  and  sulfate 
deposition  in  the  northeastern  United  States 
(Pearson  and  Fisher  1971:  Figure  5) •  Likens 
found  that  this  correlation  was  less  strong  in 
N6w  York  state  (Likens  1972:  Figure  12),  but  an 
exact  correlation  would  not  be  expected  because 
^^of  the  importance  of  nitric  acid  in  that  area 
(see  discussion  above) • 

Cogbill  and  Likens  (1974:  Figure  5)  plotted 
the  trajectories  of  air  parcels  associated  with 
precipitation  in  central  New  York  state.  They 
found  a  strong  association  between  rainfall  with 
low  pH  values  and  air  which  had  passed  through 
the  East-Central  and  Mid-Western  states  1-2  days 
earlier.     The  area  defined  by  these  trajectories 
(broadly,  the  Mississippi  and  Ohio  valleys  north 
to  the  Great  Lakes)   coincides  with  the  area  of 
greatest  emission  density  for  both  sulfyr  oxides 
(Figure  13-10)   and  nitrogen  oxides  (Table  14-8 
in  the  nitrogen  oxides  report) •     Air  parcels 
arriving  in  New  York  state  from  areas  further 
north  (i.e,,  Canada)   or  further  southeast  (i.e,, 
the  Appalachian  mountains  and  beyond)  were 
-  .  ^     associated  with  rain  that  was  much  less  acidic 
(Cogbill  and  Likens  1974:  Figure  5)-  This 
finding  is  fully  consistent  with  the  hypothesis 
that  acid  precipitation  results  from  regional 
transport  of  sulfur  oxides  (and  perhaps  nitrogen 
oxides)   emitted  300-1500  km  upwind  (Cogbill  and 
Likens  1974).     It  thus  provides  indirect  support 
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for  the  modelQ  of  regional  transport  of  eulfur 
oxides  discussed  in  chapter  6  and  Chapter  13, 

According  to  the  nitrogen  oxides  report  (see 
Chapter  15) ^  rates  of  conversion  of  nitrogen 
oxides  to  nitric  acid  are  typically  3-4  times 
faster  than  those  for  conversion  of  sulfur  di- 
oxide to  sulfate*     Accordingly  it  might  be 
expected  that  nitric  acid  would  be  more 
concentrated  near  major  sources  than  sulfuric 
^   acid  (see  Chapter  15).     However^  there  is  no 
direct  evidence  for  this  in  the  precipitation 
chemistry  data.    The  only  stations  where  the 
reported  nitrate/sulf ate  xatios  in  precipitation 
were  greater  than  0.3  aj?^  St.  Albans  Bay, 
Vermont  (Pearson  and  Fisher  1971),  Hubbard 
Brook,  New  Hampshire  (Lijtens  and  Bormann  1974, 
Cogbill  and  Likens  1974) ,  Ithaca  and  vicinity. 
New  York  (Likens  1972),  Mntgomery,  Alabama 
(Junge  1958,  Junge  and  Werby  ^1958,  Lodge  et  al. 
1968) ,  Greenville,  South  Carolina,  and  Chicago, 
Illinois  (Lodge  et  al.   1968).     with  the 
exception  of  Chicago,  where  the  concentrations 
of  both  nitrates  and  sulfated  were  exceptionally 
high,  th^se  are  predominantly  rural  stations 
away  from  major  sources.     At  other  urban 
statiotvs,  including  those  such  as  Albany  and 
Philadelphia  where  highly  acidic  precipitation 
has  been  reported,  ititrate/sulf ate  ratios  are 
consistently  lower  than  0.3   (Junge  1958,  Junge 
and  werby  1958,  Pearson  and  Fisher  1S71,  Lodge 
et  al.   1968,  Gambell  and  Fisher  1966,  Van  Loon 
1973).     Thus  the  concentration  of  acid 
.  precipitation  around  cities  (Anon  1974)  cannot 
be  explained  as  being  due  to  local  fallout  of 
nitric  acid;  it  probably  reflects  primarily  the 
rapid  oxidation  of  sulfur  dioxide  in  polluted 
urban  atmospheres,  as  discussed  in  Chapter  6  and 
in.  Chapter  13,  Appendix  A. 


SUMMARY  OF  COMPARABLE  OBSERVATIONS  IN  EUROPE 

since  the  above  survey  of  sulfates  and 
acidity  in  precipitation  in  North  America  is 
based  on  somewhat  limited  data,  it  is  at  least 
reassuring  that  similar  conclusions  have  been 
derived  independently  in  Europe,  where  the 
phenomena  of  long-range  sulfur  transport  and 
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acid  precipitation  have  been  studies  for  a 
longer  period  (Rodhe  1972,  Bolin  et  al,  1971, 
Oden  1968^  Brosset  1973,  Granat  1972^  Barrett 
and  Brodin  1955,  Munn  and  Rodhe  1971,  Garland 
1974,  Nord  1974) •     Deposition  of  sulfur  has  been 
increasing  at  2-3  percent  per  year,  roughly  in 
parallel  with  the  increase  in  emissions  of 
sulfur  dioxide  in  western  Europe   (^Bolin  et  al, 
1971,  Munn  and  Rodhe  1971)  •     The  total  amount  of 
sulfur  deposited  as  sulfate  in  precipitation  in 
western  Europe  has  been  estimated  as  between  27 
^     and  45  percent  of  the  total  amount  emitted 
(Rodhe  1972,  Garland  1974) •     The  acidity  of 
precipitation  has  increased  more  rapidly  than 
the  sulfate  content,   locally  more  than  200-fold 
over  a  10-year  period   (Bolin  et  al.   1971,  Oden 
1968)  •     'The  area  subject  to  acid  precipitation 
has  exp^ded  to  include  most  of  western  Europe 
(Bolin  et  al,    1971,  Brosset  1973).     The  atea 
most  affected  (average        less  than  4.0^^  sulfur 
deposition  greater  than  15  kg/ha/yr  in  1965)  is 
in  the  eastern  Netherlands  and  N.W.     Germany,  a 
few  hundred  km  downwind  from  the  major  sources 
(Rodhe  1972,  Bolin  et  al.   1971,  Oden  1968, 
Brosset  1973).     By  plotting  atmospheric 
trajectories  it  has  been  possible  to  relate  acid 
precipitation  and  sulfate  deposition  in  northern 
Europe  to  sources  in  the  industrialized  regions 
to  the  south  and  west   (Rodhe  1972,  Bolin  et  al. 
1971,  Brosset  1973,  Nord  1974):  the  data  are 
consistent  with  a  lifetime  of  2-4  days  for 
sulfur  in  the  atmosphere  and  a  corresponding 
range  of  1000-2500  km  (Rodhe  1972)  •     By  summing 
the  rates  of  deposition  mapped  in  Bolin  et  a^.. 
(1971:  Figure  3:5),  I  have  estimated  the  total 
rate  of  deposition  of  hydrogen  ions  in  western 
Europe  to  have  been  about  4,5  10*  tons/yr  in 
1965.     If  all  this  were  attributable  to  sulfuric 
acid,  it  would  account  for  15-25  percent  of  the 
sulfates  deposited  in  the  same  area   (Rodhe  1972, 
Garland  1974).     However,  as  in  North  America^ 
there  are  substar^-ial  contrib«(HBjj|#^of  nitric 
acid  to  total  -.cidity   (Cranat  1972).     All  these 
findings  are  similar  both  qualitatively  and 
quantitavely  to  those  summarized  above  for 
eastern  North  America. 
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PROJECTED  CONSEQUENCES  OF  INCREASED  EMISSIONS  IN  1980 

Following  Tri jonio  (Chapter  6) ,  I  will 
conoider  the  effectQ  of  a  projected  doubling  in 
Gulfur  oxide  production  in  pow^r  plants  between 
1970  and  1980^  with  other  emisaiona  projected  to 
remain  conatant.    Two  extrome  caaes  will  be 
considered: 

^  §^  control;  power  plant  emissiona  will 
increaoG  to  38  million  tona  sulfur  dioxide  in 
1980^  mainly  through  tall  Qtacka; 

SOx  cOjitrolt*  power  plant  eoissionQ  in  1980 
will  remain  unchanged  at  19  million  tona  aufure 
dioxide. 

For  nitrogen  oxide  emiooions  in  1980^  I  ^ill 
uoe  the  high  projection  in  the  nitrogen  oxidea 
report^ aosuming  no  control  of  emiasiona- 

Canadian  emiasionQ  of  both  SOx  and  NOx  will 
be  assumed  to  change  in  the  same  proportion  as 
United  States  emissions. 

To  calculate  the  likely  impact  of  these  pre^ 
jected  emissions  on  the  chemistry  and  acidity  of 
precipitation^  the  following  assumptions  will  be 
made. 

(a)  the  fraction  of  SOx  emissions  that 
takes  place  in  the  eastern  United  States  will  be 
unchanged  (assumed  to  be  80  percent  of  power 
plant  emissions  and  50  percent  of  others); 

(b)  similarly^  the  fraction  of  NOx 
emissions  that  takes  place  in  the  eastern  United 
States  will  remain  constant  at  about  7(5  percent 
(Table  ia-8  in  the  nitrogen  oxides  report) . 

jfc)     the  use  of  tall  stacks  and  intermittent 
control  systems  will  not  affect  the  fractional  of 
emitted  sulfur  dioxide  and  NOx  that  are  ul-  ^ 
timately  converted  to  sulfates  and^ nitrates  (in 
fact^  some  increase  is  likely); 

(d)  the  total  amount  of  sulfated  deposited 
in  precipitation  in  eastern  North  America  will 
increase  in  proportion  to  weighted  emissions  of 
sulfur  dioxide »  where  stack  and  ground-level  em- 
issions are  weighted  in  the  ratio  2: 1   (see  Table 
7-2  and  accompanying  discussion  in  the  text) ; 

(e)  the  total  amount  of  nitrates  deposited 
in  precipitation  in  eastern  North  America  will 
increase  in  proportion  to  stack  emissions  of  NOx 
(stationary  source  fuel  combustion  and 
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industrial  processes)    (see  text  discussion 
above)  ; 

(f)     to  estimate  the  fraction  of  nitrates 
and  sulfates  deposited  as  acids^  two  alternativ^e 
assxjunptions  will  be  made:  v 

(i)  constant  percent  acid;  the  _ 
fraction  deposited  as  acid  will  be  the  same  in  o 
1980  as  in  1972-73; 

(ii)  all  acid:  all  the  nitrates/and 
sulfates  produced  in  1980  in  excess  6f  those  de- 
posited in  1972-73' will  be  deposited) as  acids 
(folldwing  the  hypothesis  of  Granat  /(1 972)  that 
the  neutralizing  capacity  of  the^atm^Mphere  has 
been  exhausted)  .  \.  V 

Table  7-4  presents  the  results  ot  calculations 
of  the  rates  of  deposition  in  1980  of  sulfates, 
nitrates,  and  the  corresponding  acids,  under  the 
four  sets  of  assumptions.     These  results  suggest 
two  major  conclusions:       %  ^ 

(i)  even  if  sulfur  oxide  emissions  are 
not  permitted  to  increase,  there  is  likely  to  be 
a  small  increase  in  the  acidity  of 
precipitation,  as  a  consequence  of  increased 
hltrogen  oxide  emissions; 

(ii)  if  sulfuB)  oxide  emissions  from 
power  plants  increase  to  twice  the  1980  levels, 
the  acidity  of  precipitation  will  increase  by  a 
larger  factor.     The  exact  magnitude  of  the 
increase  depends  on  the  fraction  of  the 
additional  sulfates  and  nitrates  that  will  be 
deposited  as  acids.     Granat 's  hypothesis  (1972) 
that  this  fraction  is  likely  to  be  high,  because 
the  neutralizing  capacity  of  the  atmosphere  is 
nearly  exhausted,  is  at  least  plausible  and  is 
supported  by  the  observed  rapid  increase  in 
acidity  of  precipitation  both  in  North  America 
and  in  Europe.     Accordingly  the  "all  acid" 
assumption  is  probably,  more  likely  to  be  correct 
than  the  "constant  percent  -acid"  assumption, 
which  requres  an  additional  source  of  alkaline 
materials  into  the  atmosphere.     Thus,  if  sulfur 
oxide  emissions  are  uncontrolled,  the  total  • 
acidity  of  precipitation  in  eastern  North 
America  is  likely  to  increase  by  a  factor  of  2-3 
between  1972  and  1980.     Projecting  the  trends  of 
the  period  1965-1973,  it  is  likely  that  this 
increase  will  be  accompanied  by  an  extension  of 
the  area  affected.     In  particular,  if'  emissions 
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increase  in  the  Midwest,  it  is  likely  that 
significantly  acid  precipitation  will  extend 
over  a  wi4er  area  of  prime  agricultural  land 
from  Ohio  and  Tennessee  westwards. 


NEbTRALIZATION  AND  RUN-OFF  OF  ACIDIFIED  PRECIPITATION 

When  aci^  rain  falls  on  vegetation,  part  of 
the  acid  is  neutralizeci,  in  the  leaves.     in  a 
study  carried  out  in  New  Hampshire,  for  example, 
r^n  falling  in  summer  on  a  deciduous  forest  at 
ati  average- pH  of  4.06  was  90  percent  neutralized 
in  the  foliage  and  reached  the  ground  at  an 
average  pf][  of  5.01   (Eaton  et  al.  1973). 
Neutralization  of  ,acid  results  in  losses 
(leaching)   of  cation^s  such  as  potassium, 
magnesi^n,  and  calcium  fi-om  the  leaves  (Eaton  et 
al.   1973,  Tukey  et  al.     1965,  Wood  and  Bormann 
1975).  V. 

In  winter,  and  on  cigricultural  land,  acid 
rain  falls  directly  on  the  soil  and  is  partly 
neutralized  there.     Again  the  process  of 
neutralization  results  in  the  removal  of  cations 
such  aa  calcium  and  magnesium  from  the  soil  in 
the  form  of  soluble  sulfates  (Overrein  1972). 
Unelss  the  soil  is  well  buffered,  continued  ex- 
posure to  acid  precipitati^  can  lead  to  pro- 
gressive depletion  of  nutrients  aild  acidi- 
fication of  the  soil   (Bolin  et  al.   1971,  ' 
Overrein  1972,  Maimer  1973).     Direct  absdrption 
of  sulfur  dioxide  contributes  to  t^ese  effects, 
because  it  is  oxidised  to  sulfuric  acid  in  the 
soil.     Unless  soijLs  are  naturally  alkaline  or 
%i?ell  buffered,  neutralization  of  acid  is  usually 
incomplete,  so  that  ^run-off  water  is  often 
significantly  acidic   (Bolin  et  al.   1971) .  in 
the  New  Hampshire  study  cited  above,  for 
example,  the  average  pH  of  run-off  water  was 
5.15   (Likens  and  Bormann  1974,  Johnson  et  al. 
1972) .     Experimental  studies, with  a  poorly 
buffered   (podzol)   soil  showed  marked 
acidification  of  run-off vater  after  only  80 
days  when  treated  with  simulated  rainfall  at  pH 
U.O   (Overrein  1972) . 

In  Scandinavia  acidification  of  a  number  of 
rivers  and  lakes  has  been  reported  in  recent 
years   (Bolin  et  al.   1971),  Aimer  et  al.  1974, 
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Hagen  and  Langeland  1973) ;  typical  changes  in  pH 
between  1965  and  1970  were  of  the  order  of  0,1 
to  ©•a   (Bolin  et  al,   1971),     Similar  phenomena 
have  been  recorded  locally  in  North  America 
(Beamish  and  Harvey  1972,  Johnson  et  al,  19T2, 
fn,   13) •     The  rate  at  Mhich  streams  and  lakes 
become  acidified  appears  to  be  highly  variable 
and  to  ^ep0hd  lippn  the  nature  of  the  underlying 
rocks  and  (of  the  soils  in  the  watershed,  and  the 
buf f erin'^ciarpacity  of  the  lakes  themselves 
(Bolin  et  al,     1971,  Beamish  and  Harvey  1972, 
Maimer  1973).     Where  the  underlying- rocks  are 

\    acidic  and  the  soils  poorly  buffered,  lakes  may 
become  significantly  acidified  after  ^  few  years 
of  exposure  to  precipitation  at'pH  4,5  or  below 
(Beamish  and  Harvey  1972,  Aimer  et  al,  1974), 
Studies  in  Scandinavia   (Bolin  et  al,  1971) 
and  in  the  northeastern  United  States  (Likens: 
personal  communication,  fn,   13)   have  shown  that 

,    there  is  often  a  marked  peak  in  the  acidity  of 
streams  and  lakes  at  the  time  of  snow-melt  in 
the  spring,     Hagen  and  Langeland  (1973)  found 
that  acid  contained  in  winter  sfibwfall  is 
concentrated  in  the  surface  layers  of  lakes 
^         immediately  after  the  ice  melts.     These  seasonal 
p&al^s  in  the  acidity  of  surface  waters  are  of 
special  importance  because  they  cx^incide  with  ^ 
the  spawning  of  fish;  moreover  in  some  lakes  the 
deeper  layers  are  depleted  of  oxygen  during  the 
winter,  so  that  fish  are  forced  to  use  the 
surface  layers  whicW  core  acidified  in  early 
spring   (Hagen  an^r^angeland  1973), 

The  full  exteff  of  the  acidification 
soils  and  surface  waters  in '^eastern  North  ' 
America  has  not  been  studied.     However,  as  a 
broad  generalization,  much  of  the  a^ea  of  the 
United  S*tates  and  Canada  most  affected  by  acid 
precipitation  is  also  characterized  by  acidic 
rocks  and  relatively  thin  soils.  Accordingly, 
if  the  Scandinavian  evn^^^rience  is  any  guide, 
continued  exposure  to  highly  acidic 
precipitation  can  be  expected  to  lead  to  wide- 
spread acidification  of  soils  and*  surface  waters 
over  a  period  of  years  or  dejcct'des. 
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SUMMARY  AND  CONCLDSIONS 

i 

1.  Deposition  of  sulfates  in  rain  and  snow 
results  both  from  oxidatiqn  of  sulfur  dioxid» 
absorbed  into  water  droplets,  and  from  washout  ^ 
of  suspended  sulfate  particulates,     with  due 
regard  for  the  local  import^ce  of  the  former 
process  near^  major  soiirces  of  sulfur  dioxide, 
the  occurrence  of  sulfates  in  precipitation 
gives  information  about  the  regional  distri- 
bution of  sulfates. 

2.  Cohcentrations  of  sulfates  in  precipi- 
tation are  highest  in  the  northeastern  United 
States:  their  distribution  parallels  that  of 
suspended  sulfate  particulates. 

3.  About  one- third  of  the  sulfur  dioxide 
emitted  to  the  atmosphere  in  the  eastern  United 
States  is  subsequently  deposited  as  sulfates  in 
precipitation. 

4.  The  rate  of  depos\tion  of  sulfates- in 
precipitation  has  increased  in  the  past  20 
years.     The  increase  has  probably  been  more 
rapid  than  the  increase  in  total  emissiolis  of 
sulfur  dioxide;  it  agrees  better  with  the 
increase  in  high  level  emissions  (from  power 
plants  and  industrial  processes)^. 

5.  Concentrations  "of  nitrates  in  precipi-  . 
tatlon  hq^e  increased  even  more  rapidly  than 
those  of  sulfates.     The  increase  in  the  rate  of 
deposition  of  nitrates  is  similar  to  the 
increase  in  high  level  emissions  of  nitrogen 
oxides.  J/ 

6.  The  acidity  of  precipitation  in  the 
northeastern  United  States  has  increased  rapidly 
in  recent  years.     The  areas  affected  by  acid 
precipitation  now  covers  most  of  eastern  North 
America,  including  parts  of  southeast  Canada. 

In  some  small  ^reas  in  the  Northeast  the  average 
pH  of  precipitation  ^  near  or  below  U.O.  ^ 

7.  The  distribution  of  acidity  in  precipi- 
tation is  generally  similar  to  that  of  dissolved 
sulfates.     However,  the  fraction  of  the  acidity 
attributable  to  nitric  acid  has  increased  and 
now  amounts  to  roughly  2U  percent • 

8.  Acid  rain  in  the  northeastern  United 
States  is  associated  with  air  parcels  that  have 
traveled  through  the  major  emitting  areas  in  the 
mid-western  and  east^-central  states  one  or  two 
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days  earlier.    This  supports  the  hypothesis  of 
re^gional  transport  of  sulfur  oxides  and  nitrogen 
oxides. 

9.  closely  similar  phenomena  have  been  re- 
ported from  western  Europe. 

10.  Even  if  sulfur  oxide  emissions  are  held 
constant y  a  small  increase  in  the  acidity  of 
precipitation  is  likely  by  1980,  as  a  con- 
sequence of  increased  nitrogen  oxide  emissions. 

11.  If  sulfur  oxide  emissions  are  allowed 
to  double  between  1970  and  1980,  the  average 
acidity  of  precipitation  in  the  northeastern 
United  States  and  in,  southeastern  Canada  is 
likely  to  increase  by  a  factor  of  2-3.    The  area 
affected  may  be  enlarged  also. 

12.  Acid  precipitation  i£|  partly 
neutralized  when  it  falls  on  vegetation  and 
further  neutralized  in  soil.     The  process  of 
neutralization  removes  cations,  including 
important  nutrients. 

13.  The  processes  of  neutralization  in 
foliage  and  soil  are  usually  incomplete,  so  that 
run-off  water  is  often  significantly  acidic. 

14.  If  the  acidity  of  precipitation  is 
maintained  or  increased,  soils  and  surface 

•  waters  are  likely  to  become  progressively 
acidified.     The  rate  of  acidification  depends  on 
the  buffering  capacity  of  the  soil  or  water  and 
is  difficult  to  predict  in  individual  cases. 


FOOTNOTES 


1  A  cooperative  study  is  in  progress  under  the 
auspices  of  the  O^D,  and  some  preliminary 
results  are  now  available  (Gcurland  1974, 
Word  1974)  . 

2  The  mechanisms  of  absorption  and  oxidation 
of  sulfur  dioxide  in  water  droplets  are  com- 
plex and  cannot  be  reviewed  fully  jhere  (see 
Miller  and  de  Pena  1972,  Dana  et  al.  «1973 
for  discussion) ,     Uptake  of  sulfur  dioxide 

'  is  sjtrongly  limited  by  the  acidity  of  the 
raindrops  (Dana  et  al.  1973).    The  rate  of 
uptake  and  oxidation  is  increased  in  the 
presence  of  ammonia   (Scott  and  ^obbs  1967) 
or  other  catalysts,    observations  of 
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precipitation  around  point  sources  of'  sulfur 
dioxide  indicate  marked  variations  in  the 
rate  o£  oxidation.     In  a  plume  from  a 
heating  plant  at  Uppsala ^  Sweden #  much  of 
the  sulfur  dioxide  emitted  during  pre- 
cipitation was  deposited  as  sulfate  within 
50-100  Jan  (i.e.^  within  2-3  hours)  (Hogstrom 
1973).    St udi a round  a  sulfur  extraction 
gas  plant  in  Awerta  Canada,  showed 
similarly  rapidT  oxidation  of  sulfur  dioxide 
during  rain  (32-tt6  percent  deposited  as 
sulfate  within  ^0  Jm) ,  but  much  slower 
oxidation  in  snow  (Summers  and  Hitchon  1973, 
Siammers  1974)  .     However,  studies  around  a 
smelter  dt  Sudbury,  Ontario,  showed  very 
slow  oxidation  of  sulfur  dioxide  (less  than 
1  percent  deposited  as  sulfate  within  50-100 
km)  even  when  emitted  during  rain  (Muller 
and  Kramer  1974,  wiebe  and  Whelpdale  1974). 
The  low  rate  of  oxidation  in  the  Sudbury 
area  may  be  related  to  the  peculiar 
chemistry  of"^  the  plume,  which  has  high 
concentrations  of  iron,  nickel,  and  copper", 
but  low  concentrations  of  vanadium  and 
manganese  which  are  effective  catalysts  for 
oxidation  of  sulfur  dioxide  to  sulfates  (A. 
Wiebe:  personal  communication)  . 

3  Dissolved  sulfates  in  precipitation  include 
a  neutral  fraction  derived  from  ocean  spray: 
this  can  be  estimated  from  concentrations  of 
^sodium  and  chloride  and  is  customarily 
subtracted  out  to  derive  an  "excess"  sulfate 
concentration  (Junge  and  Werby  1958, 
Eriksson  1960).     For  details  see  notes  to 
Figure  7-3. 

4  The  deposition  rates  recorded  in  shiomi  and 
Kuntz  (1974)  were  probably  slightly  low  be- 
cause the  collectors  did  not  sample  snow 

"  efficiently.    An  earlier  study  of 
jprecipitation  in  southeastern  Ontario  in 
1965-66   (Rutherford,  Can.  J.  Earth  Sci.  4: 
1151-1160,  1967)   had  shown  anomalously  high 
rates  of  e'jilfui  deposition  (average  39 
kg/ha/yr) ,  but  the  presence  of  silicates  and 
aluminum  in  the^e  samples  suggests  the 
possibility  of  contamination  by  wind-blown 
dust.    For  discussion  of  other  technical 
problems  see  Likens   (1972)  and  Pearson  and 
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Fisher  (197.1).     In  particular,  most  of  the 
studies  cited  in  this  section  were  of  bulk 
precipitation  (which  includes  dry  fali^out) , 
whereas  those  reported  ih  Junge  ^nd  Werby 
(1958)  and  Lodge  et  al.   (1968)  were  designed 
to  exclude  dry  fallout.     However,  there  is 
indirect  evidence  that  dry  fallout  of 
sulfates  is  only  a  small  component  of 
deposition  (Gambell  and  Fisher  1966) •  Where 
the  surveys  of  Lodge  et  al.    (1968)  and 
Gambell  and  Fisher  (1966)   overlap  there  is 
no  discernible  discrepancy  in  calculated 
deposition  rates. 

Sulfate  concentrations  aupplied  by  J.  Miller 
per  C.v.  Cogbill;  precipitation  data  from 
NCAA  Environmental  Data  Se^rvice. 
At  two  stations  in  central  New  York,  sulfate 
levels  in  precipitation  %fere  mtiqh  higher  be- 
tween 1915  and  1950  than  after  19^^(Likens 
and  Bormann  1974,  Likens  1972).  However, 
both  stations  were  close  to  sources  burning 
fossil  fuels;  the  occurrence  of  higher 
concentrations  in  winter  is  consistent  with 
a  local  origin  (Likens  1972). 
The  period  15-31  March,  1973  was^  unusually 
wet  in  much  of  the  eastern  Un^€ed  Stcites. 
The  total  rainfall  during  this  17-day  period 
at  selected  stations  was  as  follows:  Boston 
1.08";  New  York  C:^ty  2.17";  Philadelphia 
2.49";  Chicago  2.78";  Louisville  3.88"; 
Birmingham  6.84"   (from  Daily  Weather  Maps, 
NOAA  Environmental  Data  Service)  .  Hence, 
except  perhaps  for  Boston,  the  high  acidity 
recorded  near  these  stations  canno^be 
explained  by  low  dilution  factqr^^B 
pH  is  the  symbol  for  the  negative^Rgarithm 
of  the  concentration  of  hydrogen  ion  [H* 
solution  in  grams  per  liter.     The  more  acid 
a  sbluti un,  the  lower  the  pH.     Doubling  the 
[H*]  concentration  reduces  the  pH  by  0.301 
units.     Unpolluted  rain  water  is  slightly 
acid  because  it  contains  dissolved  carbon 
dioxide,  which  dissociates  to  form  [H*]  and 
bicarbonate  ions.     If  in  ecjuilibrium  with 
^atmospheric  carbon  dioxide,  rain  water  would 
fiive  a  pH  of  5.5-5.7.    As  strong  acids  are 
added,  carbon  dioxide  is  displaced  and  the 
pH  falls  below  5.5 
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9  Several  reviewers  have  questioned  the  use  of 
bulk  precipitation  samples  or  monthly 
samples  for  determining^  pH,  because  of  the 
possibility  of  chemical  changes  prior  to' 
analysis.     However,  pH  estimates  obtained  by 
the  methods  of  Cogbill  and  Likens  (1974) 

j appear  to  agree  well  with  those  obtained 
from  weekly  or  monthly  samples  (Cogbill  and 
Likens  1974,  Likens'  1972),     In  this  survey 
both  single-storm  and  monthly  samples  are 
used  indiscriminately,  except' whei^e  there 
was  evidence  of  x^ont  ami  nation  by  airborne 
dust  or  insects  (for  discussion  see  Likens 
1972)  . 

10  "Average"  pH»s  quoted  in  this  section  are 
derived  from  weighted  averages  of  hydrogen 
ion  concentrcitions  throughout  a  year.  They 
thus  represent  the  pH  that  corresponds  to 
the  average  chemical  composition  of  precipi-. 
tat ion. 

11  Unpublished  data  from  the  National  Precipi-  ^ 
tation  Network,  supplied  by  R.A.  McCormick 
(EPA) . 

12  Unpublished  data  of  Canada  Center  for  Inland 
Waters:  personal  communication  from  F.C. 
Elder. 

13  Unpublished  data  of  Massachusetts  Division 
of  Fisheries  and  Game. 

14  P^ublished  measurements  of  bicarbonates  in 
rainwater  in  the  eastern  United  states  prior 
to  1932  indicate  that  the  pH  of  precipi- 
tation was  uniformly  above  5.7  at  that 
period   (Likens  and  Bormann  1974,  Likens 
1972). 

15  A  similar  conclusion^ holds  a  fortiori  for 
nitrates,  because  the  stoichiometric 
analysis  summarized  in  Figure  7-3  assigns  ^ 
hydrogen  ions  to  sulfates  and  nitrates  in  ^ 
proportion  to  their  ratio  in  the 
precipitation  sample. 

16  This  hypothesis  does  not  necessarily 
conflict  with  that  of  Tri jonis   (Chapter  6) , 
that  oxidation  rates  of  sulfur  dioxide  to 
sulfates* are  limited  by  the  acidity  of 
particles  or  water  droplets  when 
neutralizing  materials  are  depleted.  This 
mechanism  would  limit  the  local  rate  of 
oxidation  in  places  where  ambient  levels  are 
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high.     It:  would  not  prevent  oxidation  of  the 
eulfur  dioxide  after  further  dispersal  and 
dilution. 

17  The  figures  In  Table  7-3  can  be  used  to 
estimate  the  total  amount  of  nitrates 
deposited  In  precipitation  In  eastern  North 
America.     For  1972*73  this  turns  out  to  be 
about  7  million  tons  expressed  as  nitrate, 
equivalent  to  3.5  million  tons  NO.  Although 
this  estimate  Is  Indirect  and  subject  to 
some  error.  It  Is  clearly  much  smaller  than 
the  total  NOx  emissions  In  the  ar^'a  (about 
17  million  tCns)   or  even  those  derived  from 
stationary  fuel  combustion  (9  million  tons)  . 
Evidently  deposition  in  precipitation  is  a 
substantial,  but  not  the  major  sink  for 
nitrogen  oxides  emitted  into  the  atmosphere. 

18  use  of  the  high  .projection  is  based  on  the 
consensus  of  opinion  in  the  Committee  that  a 
massive  Increase  in  nuclear  generation  of 
electric  power  is  uiMlkely  to  take  place  by 
1980.     However,  even  th^  low  projection 
involves  an  Increase  in  fefGx  emdHsj^Ons  about 
threes-quarters  as  large  as  that  considered 
here. 
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^  CHAPTER  8 

PRICING  POLICY  AND  DEMAND  FOR  ELECTRICITY 


(Chapter  8  was  written  by  Alfred  Kahn 
under  the  general  supervision  of  the 
^         committee^  which  reviewed  the  work  at 
several  stages  and  suggested 
modifications  that  have  been  in- 
corporated.   While  every  committee 
member  has  not  necessarily  read  and 
agreed  to  every  detailed  statement 
contained  within ^  the  committee 
believes  that  the  material  is  of 
sufficient  merit  and  relevance  to  be 
includes  in  this  teport.) 


EFFICIENT  PRICING  AND  CONSERVATION 

One  important  means  of  achieving  the  broad 
goals  of  our  national  energy  policy  (i.e., 
reduced  dependence  on  foreign  crude  oil  and 
minimization  of  damage  to  the  environment 
consistent  with  economic  welfare)  is  to  promote 
conservation  or,  put  another  way,  avoid  waste  in 
our  consumption  of  energy.     Referring  to  our 
mandate  in  this^jChapter,  one  important  way  of 
minimizing  damages  to  health  and  the  environment 
-<5pfrom  the  use  of  coal  to  produce  electric  power 
is  to  limit  the  consumption  of  electricity  or 
reduce  its  rate  of  growth. 

There  are  various  definitions  of 
"conservation"  and  "waste."  But  whatever  the 
disagreements  over  the  choice  of  definitions, 
there  can  be  no  disagreement  that  we  want  to 
eliminate  inefficient  uses  in  the  econon(ic 
sense,  which  means,  most  broadly,  uses  whose 
benefits  are  less  than  the  costs  they  impose  on 
society.     There  is  wide  social  consensus  that 
our  principal  mechanism  for  assessing  these  ^ 
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benefits  and  costs  should  be  l^e  competitive 
market  system  in  which  ultimate  choices  are  made 
by  the  "sovereign"  consumer. 

If  this  system  is  to  work  efficiently,  the 
prices  of  all  the  competing  costs  and  services 
that  buyers  confront,  and  on  the  basis  of  which 
they  make  their  choices,  must  accurat"ei?y  reflect 
the  respective  costs  to  society  of  providing 
th^.     More  precisely,  the  price  of  ^^ch  product 
must  equal  its  marginal  cost,  the  cost  of 
producing  a  little  bit  more,  or  the  cost  that 
would  be  avoided  if  buyers  consumed  a  little  bit 
less.     The  reason  for  this  is  that  th^  demand 
for  all  godds  and  serviced  is,  in  some  degree, 
elastic — if  price  goes  up,  buyers«)will  typically 
take  a  little  bit  less,  if  price  goes  down,  they 
will  typically,  take  a  little  more.     If  th^, 
buyers  are  to  mak^  their  individual  choices  in 
such  a  way  that  they  will^  as  a  group,  get  the 
maximum  total  satisfaction  from  our  limited 
total  productive  capacity,  the  prices  by  which 
they  are  guided  must  reflect  the  cost  to  society 
of  producing  a  little  bit  more,  or  its  savings 
from  producing  a  little  bit  less.     Only  then 
will  consumers  know  what  sacrifices  they  are 
imposing  on  society   (and  therefore  on  themselves 
as  a  body)   by  behaving ^correspondingly,  and 
(according  t,o  this  idealized  conception)  consume 
just  the  right  amount  of  each  good  and  service 
neither  too  much  (carrying  their  consumption 
beyond  the  point  wh^4  incremental  costs  exceed 
incremental  beAe#±tSl\  nor  too  little  (refraining 
from  consumpmon  whpse  incremental  benefits 
exceed  the  irtor^^^^ntal  costs  to  society)  . 

By  this  reasoning,  one  prerequisite  for 
achieving  the  proper  degree  of  conservation,  or 
economizing,  in  the  use  of  energy,  is  that  its 
price  be  equated  to  its  marginal  sociaL  cost  of 
production.     In  fact,  our  pricing  of  electricity 
falls  far  short  of  this  requirement  in  many 
ways,  of  which  we  can  mention  only  the  most 
prominent. 

Electric  utilities  are  in  most  jurisdictions 
regulated  on  an  original,  or  historic,  cost  ^ 
basis.     This  means  that  their  capital  costs 
(depreciation,  return  on  investment,  income 
taxes) ,  which  bulk  extraordinarily  large  in  this 
industry  compared  with  most  others,  are  measured 
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by,  and  as  a  return  on^  the  cost  historically 
incurred.     But  the  onl^  measure  of  marginal  cost 
that  has  any  economic  si^ificance  is  current 
costs,  or^  as  one  seta  fates  for  the  future^  the 
cost  that  will  be  incurred  or  saved  during  the 
period  when  those  rate^  are  in  effect •     in  times 
of  rapid  inflation,  feho^e  marginal  costs  tend, 
naturally,  to  rise  relative  to  average  company 
revenue  requirements^  when  the  latter  are  based 
heavily  on  historic  coats.     For  example,  the 
current  cost  of  a  kilowatt  of  additional  base 
load  generating  capacity  may  range  between  $300 
and  $800;  the  average  book  cost,  on  the  basis  of 
which  we  fix  the  depreciation  and  return 
component  of  electric  rates,  is  on  the  order  of 
$150  to  $200.    This  means  that  the  prices  that 
purchasers  confront   (to  which  they  will,  if  they 
are  rational,  equate  the  benefits  of  additional 
consumptioo)  understate  the  additional 
sacrif icesj  imposed  on  society  by  their 
consumption  or  the  savings  that  society  would 
realize  if  they  consumed  somewhat  less.     In  this 
way,  such  prices  e;icouage  wasteful  consumption. 

Operating  in  the  same  direction  is  the 
failure  of  electricity  ratesf typically  to  re- 
flect peak  responsibility  principles.  The 
demand  for  electricity  varies  widely  from  one 
hour  of  the  day  and  one  season  of  the  year  to 
another.     Since  the  curr^t  itself  cannot  be 
stored,  the  only  way  demand  can  be  satisfied 
when  it  is  at  its  highest  levels  of  the  day  or 
year  is  by  having  the  xequired  capacity 
available  at  those  tim^.     The  required  level  of 
investment  in  generating  and  transmitting 
capac|(|y  thus  depends  specifically  on  the  level 
of  demand  at  the  times  of  system  peak 
consumption. 

If  the  economically  proper  amount  of 
capacity  is  to  be  constructed,  therefore,  it  is 
that  particular  consumption,  i.e.,  consumption 
at  the  time  of  peak  utilization,  that  must  be 
charged  the  full  marginal  costs  of  making  that 
capacity  available:  only  purchases  at  the  peak 
are  marginally  responsible  for  the  industry's 
incurring  the  costs  of  providing  that  capacity; 
every  kilowatt  hour  by  which  consumption  might 
be  reduced  on  peak  would  save  society  the  cost 
of(  providing  that  much  additional  capacity.  in 
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contrast,  consumption  truly  and  inalterably  off 
peak  should  not  pay  any  capacity  costs:  the 
inustry  would  have  to  be  adding  to  capacity  to 
meet  peak  -demand  regardless  of  whether  con- 
sumption off  peak  continued  or  ceased. 

There  is  not  time  here  to  discuss  all  the 
problems  that  would  be  involved  in  administering 
such  a  pricing'  system.     It  is  clear ,  generally » 
that  the  failure  of  most  electric  utility 
pricing  to  reflect  these  peak  responsibility 
principles,  as  well  as  to  measure  capacity  costs 
in  current  rather  than  historical  terms,  gives 
rise  to  a/greater  demand  for  electricity  and  a 
consequent  greatfer  construction  of  plant  than 
would  otherwise  occur.  . 

The  embodiment  of  these  principles  in 
electric  rates  would  be  expected  to  both 
restrict  total  consumption  and  shift  some  of  it 
from  peak  to  off-peak  times.    The  latter  shift 
by  itself,  incidentally,  would  in  the  first 
instance  conserve  mainly  construction  of 
capacity,  rather  than  the  con€Kimption  of  energy. 
And  yet  both  energy  and  envii^nmental 
conservation  would  nevertheless  be  served  by 
such  a  shift  in  consumption,  even  in  the  absence 
of  a  deqline  in  the  total  kilowatt  hours,  for 
several  reasons. 

First,  the  construction  of  capacity  itself 
uses  energy,  in  producing  the  materials  that  go 
into  the  generating  and  transmission  plant,  and 
in  the  construction  process  itself,  energy  that 
wuld  be  saved  to  the  extent  that  the  same  total 
of  consumption  cpuld  be  supplied  by  fuller 
utilization  of  a  smaller  plant. 

Second,  the  plant  used  for  peaking  purposes 
is  typically  highly  energy-intensive.  . 
consumption  for  relatively  short  peaks  is  most 
economically  'served  by  plant,  such  as  gas 
turbines,  involving  relatively  low  capital  and 
high  fuel  costs:  it  does  not  pay  to  incur  the 
much  higher  capital  costs  of,  say,  nuclear 
capacity  for  plant  that  will  operate  foi  only  a 
small  fraction  of  the  year.     In  terms  qf  energy 
utilization,  peaking  capacity  is  therefore 
extremely  inefficient.     To  the  extent  that 
consumption  is,  therefore,  shifted  from  peak  to 
off-peak,  kilowatt  ^hours  will  be  supplied  at 
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energy  costs  of  only  a  few  mills  instead  of 
several  cents  per  kilowatt  hour. 

Thirdr  in  important  measure  impairment  of 
the  environment  is  a  function  of  the  amount  of 
capacity  constructed.  The  construction  of 
economically  unnecessary  generating  and 
transmission  plant  involves  unncessary 
additional  injury  to  the  environment,  even 
though  the  total  amount  of  electricity  generated 
is  unchanged. 

Fourth,  to  some  extent  the  injury  to  the  en- 
vironment from  the  generation  of  electricity  is 
an  increasing  function  of  the  amoxint  generated 
at  any  particular  time.     Air  and  water  can, 
within  limits,  handle  a  given  infusion  of 
pollutants  with  little  injury;  but  it  seems 
likely  that  increasing  that  total  load  on  the 
environment  at  any  given  time  dlnvolves  rapidly 
mounting  external  costs.     Anything  therefore 
that  levels  out  the  generation  of  energy, 
reducing  its  amount  at  times  of  peak 
utilization,  even  though  increasdlng  it  corre- 
spondingly at  off-peak  times,  is  likely  to 
result  in  a  net  diminution  in  environmental 
costs. 

For  all  these  reasons,  more  efficient 
pricing  that  has  the  effect  only  of  leveling  out 
the  consumption  of  electricity,  without  changing 
its  total,  will  in  itself  be  promotive  of 
conseirvation. 

In  addition,  however,  it  may  confidently  be 
expected  that  efficient  pricing  will "diminish 
total  consumption,  as  well,  and  thus  contribute 
further  to  the  same  end. 


DEMAND  PROJECTIONS  AND  ELASTICITY 

One  important  part  of  our  national  energy 
policy  must  be  a  strenuous  effort  to  encourage 
conserCration  to  the  extent  that  this  is  con- 
sistent with  economic  welfare.     There  are  many 
justifications  for  such  a  policy-;  one  benefit 
that  is  directly  pertinent  to /our  JLnquiry  is 
that  one  way  to  limit  sulfur  dioxide  emissions 
from  electricity  generation  is  to  decrease  the 
need  for  so  much  electricity  in  the  first  place. 
Conservation  thus  becomes  part  of  a  national 


319 


policy  to  control  these  emissions.     We  suggest 
elsewhere  in  Part  Two  several  ways  of 
encouraging  this  result r  including  that  of 
pricing  electricityr  in  so  far  as  practicable^ 
at  its  long-run  marginal  cost  and  on  the  basis 
of  peak  responsibility  (see  the  discussion  of 
pricing  below,) 

It  is  not  part  of  our  task  here  to  predict 
the  effects  of  such  efforts,  or  to  supply 
estimates  of  the  rate  at  which  the  demand  for 
electricity  is  likely  to  grow  in  the  next 
several  years  or  the  level  it  is  likely  to  reach 
in  1980  or  1985,     These  estimates  and  the 
methods  of  making  them  vary  widely,  largely 
because  of  the  enormous  uncertainties  that  have 
been  introduced  into  our  energy  equations  by  the 
dramatic  events  of  1974,  and  partly  because  of 
the  difficulty  of  predicting  the  consequences  of 
national  energy  policies  that  are  still  in 
process  of  formulation. 

The  electric  companies  themselves  have 
tended  to  use  an  essential  eclectic  method  of 
projecting  demand  as  the  basis  for  their  long- 
range  planning.     There  is  a  popular  assumption 
that  most  of  them  have,  until  recently,  relied 
essentially  on  naive  ejctrapolations  of  past 
trends,  and  many  of  them  may  have  done  so. 
Others  have  relied  on  projections  of  such 
factoi:s  as  demographic  trends,  market  saturation 
rates  for  various  appliances,  predictions  of 
general  economic  conditions,  the  prospects  for 
certain  key  industries  in  their  market  areas, 
and  the  market  shares  of  electricity  as  compared 
to  other  sources  of  energy  in. their  various 
submarkets.     These  techniques  have  often 
produced  the  same  kind  of  results  as  simple 
extrapolations  on  the  assumption  of  constant 
growth  rates,  and  have  proved  reasonably 
reliable  during  the  last  several  decades  because 
most  of  the  determining  economic  factors  have  in 
fact  grown  at  reasonably  stable  rates  from  the 
late  19U0s  to  the  early  1970s. 

The  validity  of  these  methods  and  their  pro- 
jections of  essentially  unchanged  growth  rates 
have  been  s\ibjected  to  intense  criticism  during 
the  last  fsw  years,  under  the  gradual  impact  of 
environmentalist  and  ^conservationist  objections 
to  perpetuation  of  the  7  percent  growth  rate  of 
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the  last  two  decades^  and  especially  in  the  wake 
of  the  energy  probleins  that  have  emerged  since 
the  1973-74  boycott  by  the  oil  exporting 
countries.     The  critics  have  argued  that  the 
industry  clings  unreallstically  to  the  basic 
assumption  that^  apart  from  the  loss  of  a  yearns 
growth  because  of  the  shortages  and  unusual 
conservation  efforts  of  1974,  growth  may  be 
expected  to  resume  in  1975  at  something  like  its 
former  rate.     The  criticd  contend,  instead,  that 
the  altered  consumption  habits  manifested  in 
1974,  and  particularly  the  drastic  increases 
that  have  occurred  in  the  price  of  energy  in  the 
recent  past  and  may  be  expected  to  occur  in  the 
future,  are  likely  to  have  a  permanent  dampening 
effect  on  the  rate  of  demand  growth. 

Using  the  1973  demand  of  1.85  trillion 
kilowatt-hours  as  a  base,  the  1980  demand  at 
various  growth  rates  would  be  as  follows: 

rate  (X/yr)  1980  demand  (10^2  kwh) 

0  U85 
2  2.12 
*  ^2.43 
^  *  2-78 

9  3.17 
In  qalling  into  question  the  need  for  con- 
structing additional  electric  generating  plants, 
these  observers  have  tended  to  insist  on  the 
application  of  more  sophisticated  and  formal 
statistical  techniques  for  estimating  future 
demand  than  the  electric  companies  have 
traditionally  employed.    These  techniques 
involve  a  formal  effort  to  identify  the  major 
external  determinants  of  electricity 
consumption — such  economic  factors  as  income, 
the  price  of  electricity,  the  prices  of 
substitute  fuels,  as  well  a^  demographic 
factors — and,  on  the  basis  of  an  analysis  of 
past  experience,  to  specify  mathematically  the 
relationship  between  each  of  these  external 
determining   (or  exogenous)   factors  and  the 
variable  to  be  estimated — electricity 
consumption  in  this  case. 

These  various  competing  methods  of  making 
electricity  demand  projections  have  produced  a 
wide  range  of  differences  in  result.     The  most 
recent  forecast  of  total  electricity  (net) 
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generation  in  1980  made  by  the  National  Electric 
Reliability  Council   (NERC)   for  the  current 
National  Power  Survey  is  3.07  trillion  kWh,  as 
compared  with  an  actual  level  of  1.85  trillion 
in  1973.     In  contrast.  Chapman  et  al.  h^ve 
produced  an  econometric  model  that  emerged  with 
a  forecast  of  2.21  kWh  in  1980,  obviously 
projecting  a  growth  rate  only  a  fraction  of  that 
implied  by  the  NERC  estimate.     The  major  reason 
for  the  difference  between  these  two  results  is 
that  Chapman  et  al.  estimate  an  elasticity  of 
demand  for  electricity  in  the  range  of  -1.00  to 
-1.22  for  the  three  classes  of  customers 
(residential,  commercial,  and  industrial).  This 
implies  that  a  10  percent  increase  in  price 
(measured  in  constant  dollars)  would  eventually 
lead  to  sales  of  10  to  12.2  percent  below  the 
levels  which  would  result  if  price  had  not  in- 
creased.    This  comparatively  high  estimated 
elasticity  of  demand  has  an  important  effect  on 
the  ultimate  level  of  consumption  projected, 
because  the  authors  assume  an  increase  of  5 
percent  per  year  in  the  real  price  of 
electricity  from  1972  to  1980. 

Other  statistical  analyses  have  produced 
results  implying  a  considerably  lesser 
elasticity  of  demand  for  electricity,  and,  in 
consequence,  estimate  a  considerably  more  rapid 
rate  of  growth  in  the  demand  for  electricity 
than  the  rate  forecast  by  Chapman.     The  Data 
Resources  Inc.  model,  for  example,  projects  the 
consiimption  of  electricity  will  grow  by  mor6 
than  5  percent  per  year  by  1985,  which  cor- 
respons  to  a  generation  level  of  2.59  trillion 
kWh  in  1980,  as  compared  with  the  3.07  the  NERC 
forecast  and  the  2.21  by  Chapman.     The  estimate 
by  the  Project  Independence  Blueprint  of  the 
Federal  Energy  Administration  ds  roughly 
consistent  with  the  NERC  forecast  for  1980. 

Moreover,  whatever  the  elasticity  of  the 
demand  for  electricity,  it  will  be  greater  in 
the  long  than  in  the  short  run.     It  takes  time 
for  consumption  patterns  to  change  in  response 
to  alterations  in  price,  not  only  because  habits 
are  always  slow  to  change,  but  because,  even 
more  important,  the  kinds  of  energy  employed  and 
the  efficiency  with  which  they  are  employed  is 
determined  preponderantly  by  the  characteristics 


of  the  exiQting 'Stock  of  appliances,  buildings, 
industrial  and  transportation  .equipment,  which 
can  change  only  as  that  population  is  replaced; 
and  finally,  because  altered  price  relations  can 
induce  adaptations  in  the  technology  of 
utilization  only  over  timeo     For  all  these 
reasons,  the  full  response  of  demand  to  recent 
price  changes  is  uhlikely  to  be  achieved  in  the 
1975-1980  period. 

For  our  purposes,  it  suffices  to  observe 
that  the  demand  for  electricity  must  certainly 
have  some  price  elasticity,  and  that  the 
prospective  increase  in  the  price  of  electricity 
may  confidently  be  expected  to  exert  some 
dampening  effect  on  the  growth  of  consumption; 
but  that,  on  the  other  hand,  the  sharply 
increasing  price  of  alternative  sources  of 
energy,  the  drying  up  of  supplies  of  natural 
gas,  and  the  uncertainties  on  the  part  of 
consumers  about  the  continued  availability  of 
oil  imports,  after  the  experience  of  the  Arab 
boycott,  will  all  tend  to  work  in  the  other 
direction— that  is  to  say,  inducing  a  shift  from 
those  alternative  sources  of  energy  to 
electricity.     We  conclude  that  elfectricity 
demand  will  continue  to  grow,  that  it  will  have 
to  be  supplied  in  increasing  proportions  from 
coal  as  well  as  nuclear  power,  and  that  the 
problem  of  reducing  sulfur  dioxide  emissions 
cannot  therefore  be  exorcised  by  the  canfortable 
assumption  that  additional  generating  capacity 
will  be  unnecessary. 
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CHAPTEB  9 


EFFECTS  OF  IMPROVED  FUEL  UTILIZATION 
ON  DEMAND  FOR  FUELS  FOR  ELECTRICITY 


(Chapter  9  was  vrritten  by  Elias 
Gyftopoulos  and  Thomas  Widmer  under  the  , 
general  supervision  of  the  committee, 
which  reviewed  the  work  at  several 
stages  and  suggested  modifications  that 
have  been  incorporated.     While  every 
committee  member  has  not  necessarily 
read  and  agreed  to  every  detailed 
statement  contained  within,  the 
ccxnmittee  believes  that  the  material  is 
of  sufficient  merit  and  relevance  to  be 
included  in  this  report,) 


INTRODUCTION 

This  chapter  estimates  the  potential 
reduction  of  fuel  for  electricity  i^  1985 
resulting  from  improved  utilization >of  fuel 
in  industrial,  residential,  and  commercial 
end-uses.     Because  a  fraction  of  the  fuel 
used  for  electricity  is  coal,  improved  fuel 
utilization  is  a  method  complementary  to 
other  available  methods  for  reducing 
sulfuric  oxides  and  sulfates  discharged 
into  the  atomosphere  by  electric 
powerplants.     The  chapter  also  evaluates 
the  potential  effect  on  fuel-demand  for 
electricity  resulting  from  some  alternate 
methods  of  space  heating. 
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PATTERNS  OF  FUEL  SUPPLY  AND  DET^AND 

This  section  presents  statistical  data 
for  the  U.S.  patterns  of  fuel  supply  and 
demand  (SRI  1972)   in  1968  and  projections 
fox:  these  patterns  for  1985   (Dupree  and 
West  1972)  .     Although  many  projections  have 
been  made  for  1985,  for  the  purposes  of 
this  report,  we  will  consider  only  the 
projections  of  the  U.S-     DepartHient  of  the 
Interior  (Dupree  and  West  1972)^  . 

In  1968,  the  amount  of  fuel  consumed  in 
the  U.S.  was  about  57  quads  (1  quad  10*^5 
Btu)   exclusive  of  about  3  quads  used  as 
feedstock  materials,     it  was  distributed 
among  the  fuel  sources  approximately  as 
follows : 

Petroleum  products  a3.5X 

Coal  23.  OX 

Natural  Gas  32.0% 
Nuclear  and  hydrostatic 

^^ead  1.5X 

100  % 

It  was  consumed  in  the  major  sectors  of 
the  economy  in  the  amounts  shown  in  the 
first  and  second  columns  of  Table  9-1, 
namely  ai  percent  in  the  industrial  sector, 
3a  percent  in  the  residential  and 
commercial  sector,  and  25  percent  in  the 
tranj3portation  sector,     some  of  the  fuel 
was  consumed  in  the  form  of  electricity 
(columns  3  and  a.  Table  9-1)   which  was 
primarily   (92  percent)   from  utilities  and 
to  a  lesser  degree  (8  percent)  generated  as 
by-product  of  industrial  processes.  The 
fuels  used  in  electricity  generation  were 
53.5  percent  coal  and  '♦e.S  percent  others. 

The  principal  end-uses  of  fuels  in 
industry  in  1968  can  be  classified  in  the 
four  major  catagories  shown  at  the  bottom 
of  Figure  9-1  among  which  the  fuels  are 
distributed  as  follows: 
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22  e  (a).(b) 


13  B  (60%) 


9  0  (40 


PetroJoum  and 
Natural  Qao 


%)1 


Coal.  Hydro 
and  Nuclear 


2  0  3.6 


Purchaoed 
Electricity 


5  6 


30 


6.6  (29%) 


8  2 


2  4 


By-product 
Electricity 


10  6  (44  7%) 


Direct* 
Heating 


Process 
Steam 


0.4 


0  4 


6.0 


0  3  (1  3%) 


Direct 
Electric 
Heating 


5  7  (25%) 


Motors, 
Lighting  and 
Eloctrolysie 


(a)  All  fuel  values  m  10^^  Btu/year 

(b)  Does  not  include  2.1  x  10^^  Btu  equivalent  fuel 
value  for  gas  and  petroleum  materials  used  in 
1960  as  feedstock  for  chemical  products 

FIGURE  9-1:  Sources  and  End-uses  of  Fuel  by  U.S 
Industry  in  1968. 
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Direct  combustion 


heating 
Process  steam 
Direct  electric  heating 
Motors^  lighting  and 


29,0* 
1.3% 


electrolysis 


25,0% 
100  % 


The  principal  end-uses  of  fuels  in  the 
residential  and  commercial  sector  are  shown 
in  Table  9-2,     We  see  from  the  data  in 
Figure  9-1  and  Table  9-2  that  process  steam 
raising,  space  and  process  heating ,  and 
refrigeration  and  air  conditioning  in  1968 
represented  the  major  end-uses  of  fuels  in 
sectors  otheiT  than  transportation.  These 
processes  consumed  over  50  percent  of  the 
coal  in  1968  as  illustrated  by  the  data  in 
Table  9-3, 

Several  projections  have  been  made 
about  the  fuel  demand  in  1985,     For  the 
purposes  of  this  report,  the  projections  of 
the  U,S,  Department  of  the  Interior  have 
been  used  (Dupree  and  West  1972) •  The 
projected  demand  in  the  major  sectors  is 
shown  in  the  first  column  of  Table  9-4  ex- 
clusive of  fuels  for  feedstock  materials. 
It  will  be  distributed  among  the  principal 
fuel  sources  approximately  as  follows: 


Some  Qf  the  anticipated  fuel  demand  will  be 
supplied  by  utilities  in  the  form  of  elec- 
tricity as  whown  in  the  third  column  of 
Table  9-4.     Comparing  the  data  in  Tables  9- 
a  and  9-1  we  see  that  in  1985  the  demand 
for  all  fuels  is  projected  to  be  about  two 
times  as  large,  and  for  electricity  about 
three  times  as  large  as  those  in  1968,  The 
demand  for  fuels  for  electricity  generation 
is  projected  to  be  as  shown  in  Table  9-5. 
We  see  from  this  table  that  37  percent  of  ^ 
electricity  will  be  generated  from  coal  in 


Petroleum  product 
Coal 

Natural  Gas 
Others 


42X 

28% 
25% 

100% 
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TABLE  9-3 

Selected  End-Uses  of  Coal  in  1968'"^' 

Percentage 
g  of  coal 

End-use  10  tons  consumption 

% 

Process  steam        87  18.5 

Industrial 

Heating  51  11 


Residential 


Heating  49^^'  1Q.5 


and  Refrigeration  . 

and  air-  56  ^^^^  12 

ii^ommercial  conditioning 


Total  243 


(1)  Total  consumption  13.1  quads  or  470  x  10^ 
tons  at  28  x  10"  Btu/ton. 

(2)  Weighted  average  of  direct  coal  usage  and 
electricity  produced  by  using  53.5%  of ^ 
fuels  in  the  form  of  coal. 

(3)  Based  on  53.5%  of  electricity  produced 
from  coal. 
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TABLE  9-5 

USDI  Projection  of  Demand  of  Fuels  for 
Electricity  Generation  in  1985^^) 


Fuel 


Electricity 
12 

10  kw-hr 


Percentage 

of  total 
electricity 


Coal  1.53 

Hydrostatic  head 

and  geothermal  0-25 

Petroleum  and  gas  1.07 

Nuclear  1-28 


37 

6 
26 
31 


Total 


4.13 


100 
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1985  whereao  53.5  percent  of  electricity 
was  generated  from  coal  in  1968. 

POTENTIAL  FOE  IMPROVED  EFFECTIVENESS 


As  diQcussed  in  a  report  to  the  Energy 
Policy  Project  of  the  Ford  Fourdation 

(GyftopouloQ  et  al.     1974)  many 
opportunities  ejcist  for  the  application  of 
existing  technology  to  the  enormous  fuel 
flow  in  industrial  heating  processes  so  as 
to  yield  large  fuel  savings.     For  example, 
the  bulk  of  industrial  fuel   (aix>ut  45 
percent  in  1968)  is  consiimed  in  raising 
process  steam.     Wherever  process  steam  is 
required  in  reasonable  amounts,  an 
opportunity  exists  to  produce  electricity 
at  small  cost  in  fuel  consumed.  For 
example,  if  process  steam  at  200  psi  or  382 
F  is  generated  by  burning  a  hydrocarbon 
fuel,    (CH2)   n,  over  60  percent  of  the 
available  useful  work  of  the  fuel  is  lost. 
Much  of  this  loss  may  be  prevented  by 
burning  fuel  in  a  gas  turbine  and  using  the 
turbine  exhaust  to  generate  steam  (Figure 
9-2a),  by  generating  steam  at  a  pressure 
higher  than  200  psi  and  expanding  the  steam 
in  a  steam  turbine  to  200  psi  at  which 
pressujTe  it  is  exhausted  to  process  (Figure 
9- 2b)  ,  or  by  a  Combination  of  these  two 

(Figure  9- 2c) .     Figure  9-3  compares  ^ 
combined  system  (Figure  with  the  more 
wifiely  used  present  practice  of  spearate 
generation  of  steam  and  electricity.) 

Typical  results  of  the  electricity 
generated  by  the  various  topping  systems 
are  summarized  in  Table  9-- 6.  The 
electricity  produced,  if  considered  as  a 
by-product  of  the  process  heat,  should  be 
charged  with  the  fuel  consumption  over  and 
above  that  required  when  process  steam  is 
produced  directly  without  the  intervening 


Industrial  Sector 


37  c, 


333 


c 

o 
O 


o 
c 

Gas 
Turbi 

Btu/hr 

X 

Fuel 

CM 

CD 


a 

E 

bin 

G) 

3 

C/3 

ERIC 


334 


2" 
O 


2 


o 

< 


o 

a: 


< 
< 


earn 

c 

CO 

Iler 

Bo 

X 

00  ' 

>1 

•rH 

O 
•H 

4J 
O 

(U 
H 
M 

X) 
C 


(U 

cn 

M 

o 


CO 

(U 

to 

(U 

to 

M 

Q) 

•H 

U 

:3 

0 

cr  M 

(U 

H 

0) 

C 

:3 

•H 

i 

H 

0 

H 

rd 

u 

M 

to 

0) 

:3 

> 

to 

O 

u 

OJ 

m  > 

0 

(U 

c 

0 

(d 

to 

M 

-rH 

rd 

M 

Oi 

rd 

OJ 

u 

4J 

^ 

C 

1 

0 

-H 

4J 

§ 

(d 

M 

D 

0) 

a 

c 

M 

5 

ERIC 


3  c 


335 


CO 

o 


(U 

c 


u 

(U 

73     x^  o 

(U  C  M  Pl, 


fd  c 

4-)  H 

o 


S  fd 


O  O  fd  u) 

■P  CO 
CO 


00 


>1 

\ 

XJ 

5  ^ 

T3 

fg  C 

fd 

CQ 

QJ 

QJ  -H 

o 

(U 

!5 

4->  x^ 

o 

0 

CO  h 

rH 

O 

rH 

m  2 

rH 

XI 

fd  tr* 

u  - 

0 

M 

0 

E-»  QJ 

M-l 

Q) 

M 

fd  Pu 

C 

Q) 

0 

15 

rH 

00 

00 

U 

u 

■H 

0 

0  Q) 

QJ 

Q)  0 

0  4J 

C 

^  0 

QJ 

u  u) 

U)  -H 

00 

W  M 

c 

fd  X) 

Pu, 

•H  :5 

fd 

o  u 

4-) 

XI  >i 

:i 

U  -H 

QJ  X 

:3  fd 

:3  - 

-H 

0  M 

I  OJ 

M  -P 

e  :5 

Pu,  U) 

fd  0 

QJ 

1  :3 

QJ  Pu, 

>iTJ 

4J 

0 

CQ  C 

CO 

1^ 

^ 

M 

< 

0  0 

4-)  TJ 

QJ 

cr» 

4-)  QJ 

fd  -H 

:3  -H 

o 

o 

W 

-H 

QJ  fd 

in 

o 

0 

U  QJ 

.H  a 

0  4J 

(i) 

U  CO 

u 

1^  w 

Pl. 

Pk 

o 
o 


QJ  QJ 
S  C 

O  rH 
W  XI 

QJ  :3 

U)  4-> 

fd  G 

u  fd 

QJ  QJ 

XI  4J 

X  QJ 

x: 

O  4-) 
O 

O 

o  ^ 

4-) 

u 

00  fd 


4H  QJ 
C 

QJ  M 

U)  QJ 

fd  :3 

QJ  ^ 

U  0) 

a  x; 

•H  4J 


•H  0 

QJ 

QJ  >i 

■H 

C  U 

XI 

■H  0 

^1 

XI  :5 

U 

4-> 

4-»  :3 

in 

fd 

in  QJ 

CP 

fd  t/j 

CP  :3 

QJ 

x; 

QJ  QJ 

4J 

x:  -H 

4->  XI 

fd 

■H 

UH  ^ 

0  -H 

fd 

M  > 

i 

QJ  fd 

m 

0  QJ 

c 

ax; 

0 

4J 

U 

QJ 

x:  ^ 

0) 

H  0 

■H 

erJc 


381 


336 


topping  gystem.     On  this  basis^  the  fuel 
consumption  for  each  of  the  cases  shovm  in 
Table  9-6  is  about  «»230  Btu  of  available 
useful  work  for  each  kw-hr  of  electricity. 
These  figures  trar^late  into  an 
effectiveness  of  electricity  generation  of 
0.8.     The  corresponding  figure  for  the  best 
central  station  powerplant  is  less  than 
0.4;  that  iSr  electricity  is  prodix:ed  at 
less  than  half  the  fuel  consumption  of  the 
best  central-station  powernli^t. 

Other  fuel  savings  ccinN^p^chieved 
through  use  of  organic  Rankin^  bottoming 
systems  for  recovery  of  availability  from 
waste  heat  of  industrial  combustion 
processes.     Wherever  heat  is  rejected  at 
temperatures  700  F  or  higher,  an 
opportunity  exists  to  produce  electricity 
at  no  fuel  consumption.     A  typical 
arrangement  of  a  bottoming  system  combined 
with  a  radiant  tube  furnace  is  shown  in 
Figure  9-a. 

In  196  8,  industrial  by-product 
electricity  was  0.12  x  10*2  kw-hr  reducing 
the  amount  of  fuel  consumed  by  utilities  by 
about  1.2  quads  (assuming  that,  on  the 
average,   1  kw-hr  generated  by  a  utility 
consumes  10,000  Btu  of  fuel  in  the 
powerplant) .     It  is  estimated  that  the 
amount  of  incremental  fuel  consumed  by  . 
industry  for  the  generation  of  this  by- 
product electricity  is  about  0.5  quads  and, 
therefore,  that  a  net  fuel  saving  of  0.7 
quads  was  achieved. 

If  all  process  steam  could  be  raised  in 
combination  with  electricity  generation, 
then  the  upper  limit  for  industrial  by- 
product electricity  generation  in  1968  was 
0.7  X  10*2  kw-hr  and  could  be  achieved  for 
an  incremental  fuel  consumption  of  2.9 
quads   (Table  9-7) .    The  fuel  that  would 
have  been  saved  by  the  utilities  would  have 
been  7  quads  and,  therefore,  the  net  fuel  , 
saving  would  have  been  4.1  quads.  In 
addition,  it  is  estimated  that  bottoming  , 
systems  could  have  generated  0.1  x  10*2 
hr  at  no  fuel  consumption  in  1968   (Table  9- 
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7)  •    The  corresponding  fuel  that  could  have 
been  saved  by  the  utilities  was  1  quad.     In  * 
'  summary,  in  1968  total  fuel  consumed  by  in- 
dustry was  23  quads^  and  fuel  saved  by 
means  of  by-product  electricity  generation 
was  0.7  quads  out  of  a  maximum  possible  5.1 
quads. 

In  1985^  total  fuel  demand  by  industry  * 
is  projected  to  be  41.9  quads.     If  by- 
product electricity  generation  continues  at 
the  1968  rate,  the  fuel  saving  will  be: 

(0.7x10*5)  (41.9x1015  23xldis)    =  127.x10i^«Btu 

out  of  a  possible  maximum  of 

(5. 1x10*5)  (41.9x10* s  23x10*S)    =  9.3xlO*SBtu  ' 
It  follows  that  maximum  by-product  electri- 
^  ity  generation  could  nesult  in  additional 
fuel  saving  of  8  quads  in  1985.  • 

Decrease  of  fuel  for  electricity  can 
also  be  brought  about  through  improved 
effectiveness  of  industrial  processes.  An 
illustration  of  this  decrease  is  provided 
by  the  Hall  process  for  reduction  of  A1203 
to  aluminum  metal.     In  this  process^ 
electrolysis  is  carried  out  in  carbonlined 
boxes  into  which  carbon  rods  project.  An 
electrical  potential  is  applied  so  that  the 
^^box  serves  as  the  cathode  and  the  rods  as 
the  anode.     Upon  electrolysis  the  alumina 
is  decomposed;  the  aluminum  metal  is 
deposited  at  the  cathode  in  a  molten 
condition  and  the  oxygen  is  deposited  at 
the  anode. 

Considerable  variations  in  the 
electricity  requirements  for  primary 
aluminum  production  exist  from  plant  to  ^ 
plant;  typical  numbers  of  t)roduction  cellsii^u^/ 
range  from  13,600  to  16,400  kw-hr  per  ton 
of  aluminum.     Primary  aluminum  production 
in  the  U.S.  was  3.25  x  10*  tons  in  1*968. 
Assuming  an  average  electrigal  dfemand  of 
15,000  kw-hr  per  ton,  the  electrical 
consumption  by  the  aluminum  industry 
amounted  to  4.9  x  10 *o  kw-hr  in  1968,  or 
about  3.7^  percent  of  total  U.S.  electricity 
needs. 


 ^ 
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^alysis  of  the  Hall  cell  voltage  shows 
that  only  U6  to  U8  volts,  out  of  almost  5 
volts  drop  across* the  cell,  is  required  for 
the  basic  electrolysis  process.  The 
remainder  is  necessary  as  a  result  of  vol- 
tage drops   (resistive  losses)  across/ 
various  electrical  resistances  in  the  cell 
circuit.     Because  the  electrolysis  voltage 
is  relatively  independent  of  current 
through  the  cell,  aluminum  production  is  ^ 
approximately  proportional  to  the  current. 
The  parasitic  resistive  losses,  on  the  i 
other  hcind,  are  proportiqnal  to  the  square 
of  the  current.     It  follows  that  the 
fraction  of  electricity  effectively  \ 
utilized  for  the  electrolytic  reduction  of. 
A1203  increases  as  the  ceil  current  is 
decreased.     For  example,  decreasing  the 
current  of  a  typical  cell  from  105,000  amps 
to  82,000  pmps  would  decrease  electricity 
consiimption  per  ton  of  aluminum  by  16 
percent.     Although  such  current  decrease 
would  decrease  productioh  per  cell  by  22 
percent  total  production  can  be  maintained 
at  the  desired  level  by  installing  more 
cells r  namely  at  the  expense  of  higher 
capital  costs.     In  general,  the  optimum 
cell  current  density  decreases  as  power 
costs  increase.     At  the  lower  current 
4    electrical  consumption  is  only  about  12,500 
kw-hr  per  ton  of  aluminum  (Gyftopoulos  et 
al,     197U) ,     Assuming  that  primary  aluminum 
production  will  be  10  x  10*  toAs  in  1985, 
the  electricity  saving  would  be  2,5  x  10* o 
kw-hr  and,  therefore,  the  fuel  saving* '0,25 
quads. 


Residential  and  Commercial  Sector 

An  opportunity  exists  for  reduced  elec- 
tricity demand  for  refrigeration  and  air 
conditioning  eqi^ipment  in  the  residential 
and  commercial  sector.     In  1968, 
refrigeration  and  air  conditioning  consumed 
20,7  percent  of  all  U,S,  electricity  and 
5,U  percent  of  all  fuels.     If  the  same 
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percentage  is  valid  for  1985^  the  fuel 
demand  for  this  end-use  would  be  5,9  quads. 
The  opportunity  exists  for  application  of 
existing  technology  to  improve  the 
effectiveness  of  refrigeration  equipment • 
For  example^  present  central  air^ 
conditioning  systems  for  homes  have  a 
performance  index  of  8,5  Btu  per jwatt-hr. 
This  can  be  readily  increased  to  12  Btu  per 
watt-hr  by  means  of  well-known  heat^ 
transfer  methods.     It  is  'estiniated  that  a 
30  percent  average  improvement  in 
performance  of  all  refrigeration  equipment 
is  reasonable  for  1985,     This  improvement 
would  result  in  a  fuel  saving  of  1,8  quads. 

Another  large  factor  in  electricity 
consumption  is  lighting  for  commercial  and 
public  buildings.     Recent  FEA  guidelines 
for  lighting'  and  thermal  operations 
indicate  a  potential  saving  of .43  percent 
in  this  end-use   (FEA)  •     This  would 
represent  133  x  10»  Jcw-hr  or  1,3  quad  fuel 
saving  by  electr:ic  powerplants  in  1985, 


POTENTIAL  FOR  SHIFTING  TO  ALTERNATE 
SOURCES  FOR  SPACE  HEATING 

This  section  presents  the  limiting 
effects  of  using  alternate  methods  of  space 
heating. 

In  1968^  space  heating  consiamed  10.89 
quads  or  19  percent  of  all  fuels  of  which  . 
0.57  quads  was  in  the  form  of  cocil.     If  the 
.same  percentage  is  valid  for  1985^  the  fuel 
demand  for  spade  heating  will  be  20.8  quads 
(0.19  X  1015  Btu).     In  addition^  it  is 
estimated  that  electrical  and  coal  space 
heating  will  gradually  incre^bse  from  0.48 
and  0.57  quads  in  1968  to  1.1  and  1  quads 
in  1985  ^  respectively. 

In  direct-firing  space  heating^  only  a 
fraction  of  the  heating  value  of  the  fuels 
is  used  in  raising  the  space  temperature^ 
the  remaining  being  lost  up  the  stacks  of 
the  burners.     The  fraction  that  is  used 
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varies  widely  depending  on  the  type  and 
maintenance  of  the  burner.     For  our 
purposes,  we  will  assume  that  70  percent  of 
the  heating  value  of  the  fuels  contributes 
to  space  heating. 

If  all  the  space  heating' needs  in  1985 
were  to  be  switched  eith'er  to  pure 
resistance  electric  heating,  electric  heat 
pump  heating,  or  coal  gas  heating  then  the  ^ 
fuel  demand  would  be  modified  as  follows: 

Pure  resistance  heating 

Increase  in  electrical  load  =     0.7 (20.8-1, 1)  I0i« 

=  13.8  quads 
-     4.04x10^2'  kw-hr 

Increase  in  fuel  demand  =  4a<a-19.7=20.7quads 


In, the  extreme,  this  increase  might  result 
in  the  following  distribution  between 
fuels:  1 

Not  incroaoo  in  coal  demand,       =   39.4  qaado/year  =^^64  0  x  10&  tona/year 
(1   ton  of  coal   <=   24   x   10*^  BTf) 

Not  docroaoG  in  oil  and  gan  demand,  -IB.  7  <juadG/yoar  °-8.S  x  10*^  barrolo/ 
[1  barrol  of  oil  =  6  jt  IQo  btl) 

Heat  pump  heat^inq 

Assuming  a  national  average  coefficient  of 
performance  (COP)   for  heat  pumps  of  U8,  then 

Increase  in  electrical  load  =4.  OaxlO^.^/l .  8 

^  =2.25x1012  kw-hr 

Increase  in  fuel  demand  =22.5  -  19.7 

/  =2.8  quads 

For  the  maximum  shift  to  coal,  this 
increase  would, result  in  the  following 
distribution  between  fuels:  / 

Net   incroaoe   in  coal   demand  =  quadr,     -   8  96  x   10^  trns/yeai 

Not   dccroafio   m  nil   an^Kq"an  demand   =-18.?  quadn     -  -  H  . x   1  0  ^'^a  r  r  g  i ,  clay 

Another  possible  means  ofJ?fii^ing  home 
heating  load  from  oil  and  naf^ural^as  to 
coal-based  energy  is  the  alternative  of  gas 
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from  coal  gaeif ications ;  assuming  a 
gasification  and  distribution  efficiency  of 
demand  would  be  modified  as  follows: 

Not   incroQoo   in  <;(-.si  Jcm.ifKl  ^    (Jn.ft  -    U.-n.fU  -    3 1  . '<  'luadii,  ycir  • 

inn   X   i  0*'   tfjr.ri  'year 

rjcH  Jocroaoo   xu  Mi    i/.il  'jiiy  Jomand         -I'i.H  .juadLi  yo<5r   ^  - k  i'?^*  barrcifi/ 

day 


EVALUATION  OF  CAPITAL  COST  FACTORS 
Costs  Related  to  Ii/proved  Effectiveness 

The  evaluation  of  the  relative  benefits 
of  various  fuel  saving,  methods  necessitates 
consideration  of  both  capital  reqij^rements 
and  fuel  pricing  practices. 

From  an  aggregate  capital  availability 
point  of  view^  it  is  important  to  compare 
the  capital  for  supplying  additional  fuel 
with  that  for  saving  an  equal  amount  of 
fuel  through  improved  effectiveness 
measures. 

Some  estimates  for  capital  required  tb , 
supply  various  forms  of  energy  are  lidted 
in  Table  9-8.     All  figures  are  normalized 
to  the  equivalent  of  one  barrel  of  oil  p^r 

/     For  an  industrial  installation  needing 
1  megawatt  of  electricity,  if  this 
electricity  were  to  be  provided  by  a  coal- 
fired  powerplant,  with  a  load  factor  of 
0,7,  the  capital  required  would  be: 

Coal- fired  powerplant (AGA  1974)  $  456,00  0 

Di  stributi  on  180,000^ 

Coal  supply  4  8,00  0 

<28  barrels  of  oil  per 

day  equivalent  annual 

average)   

Total  i  684,000 

(a  Note:  cipital^ investment  in  distribution 
systefR  for  industrial  customers 
assumed  to  be  313,000  per  1760  kw- 
hr  of  electricity  per  day  which  is 
energetically  equivalent  to  1 
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TABLE  9-0 

Approjcimato  Capital  cooto  for  Supplying  tho  Fuel  Equivalent  of  One 
BaJXrol  of  OH   Per  Day    (6  k  10^  Btu/day)    in  Voriouo  Forma 

1,      GAS  FROM  COAL  GASIFICATION  ^ 

;  Coal  production   {Eaotorn  doop  mino)  $  2,800  (a) 

'  Gaoification  plant    (aGA  1974)  10,000 
TranoiniaDion  and  diotribution  oyotoin  7  ]  ^qq  (j-,) 


520,200 


(a)   At  0.62  plant  aryl  distribution  efficiency 


(t)   AGOuireo  51.35  per  million^u   (§8.10  per  barrel  of  oil 

equivalent)   aa   tho  average  coat  of  tranomioaion  and  diotri- 
bution to  rocidential  cuotomoro  in  the  Eaotorn  Unitod  Statoo, 
Fifty  percent  of  thio  figure  io  aosumod  to  derive  from 
capital  char^a  computed  at  20  percent  annually,  namely 

-    Capital  coot  =   a. 10  k  2il  k  0.5  =  7400. 

0.2 

2.  OIL  FROM  NEW  DOMESTIC  SOURCE 

Production   (off-ohore)    (7)  55  .  000- $0 , 000  (cXd) 

Refining  ^^qqq 
Tranoportat ion  and  diotribution  3  qoO  (e) 

59, 000-S12 ,000 

(c)  Includes  bonuoeo  paid  on  leases 

(d)  Estimates   for  shalo  oil,   synthetic  crude  from  coal,  or  tertiary 
rt^covered  oil  vary   frotn  510,000  to  520,000  per  barrel  per  day. 

fe)   For  Alaskan  oil,    the  pipe  line  alone  coots  55,000  per  barrel  per 
day.  ^ 

3.  ELECTRICITY   FROM  COAL-FIRED  POWERPLANT 

.  Coal  production   (Eastern  deep  mino)  §  5,500  (f) 

Electric  plant    (AGA  1974)  36,500  (g) 

Transmission  and  distribution  system  20  500  (h) 

5^3!yod — 

(f)    Electricity  qenerated  at   0.34  plant  and  distribution  efficiency. 

(q)    Estimate  babied  on  averaqe  capital   cost   S4S6/Kw  for  new  coal- 
fired  generatinq  plants  qreater   than  1,300  Mw  capacity  that 
could  be  on-strf-am  by   1981,   and   load   factor   1.0.  ^ 

(h)  Ansamf-:;  l.?RC  per  kw-hr  as  average  coat  of  distribution  to 
rf»'-i  i'i*_>nt  1  al  cu^,tomprs,  with*SO  percent  nf  this  fiqure  * 
attributed  to  caFntal   i-or.ta,   as   in  note    (b)  above. 
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barrel  of  oil  per  day;  comparable 
figure  used  for  residential 
customers  in  Table  9-8  is 
$20,500.) 

On  the  other  hand,  suppose  that  thf 
industrial  installation  has  a  potential 
application  for  a  1.0  megawatt  bottoming- 
cycle  engine  generator  to  recover  waste 
heat  from  a  large  continuous  metal 
processing'  furnace  with  an  annual 
utilization  factor  6t  0-7.     At  $^00  per  kw, 
the  capital  required  would  be  $400,000  and 
the  fuel  consumed  would  be  zero.     To  this 
may  be  added  $62r^0  for  50  percent 
emergency  supply  diesel  generators  and, 
therefore,  the  capital  investment  would  be 
$462,000. 

From  these  results  we  see  that  the 
investment  for  incremental  electricity  from 
a  coal- fired  powerplant  would  require  about 
48  percent  more  than  that  for  the  on-site 
bottoming- cycle  system.     For  an  oil-fire^i 
powerplant,  the  advantage  of  the  bottoming 
cycle  is  even  greater. 

On  the  other  hand,  whether  the 
advantage*  of  the  fue}.-saving  over  the 
incteased  fuel  supply  method  wMl  be^ 
evident  to  the  industrial  firm  depends  on 
fuel  pricing  policies.     If  phe  price  of 
fuel  reflects  the  teue  cost  of  new  fuel 
supplies  then  the  bottoming  cycle  is 
advantageous.     If  the  price  of  fuel  is 
based  on  averages  over  old  and  new  sources 
then  the  bottoming  cycle  and,  therefore, 
the  advantage  of  the  fuel-saving  method  may 
not  be  as  decisive  as  the  preceding  capital 
requirement  estimates  indicate. 

To  illustrate  this  point,  we  shall 
assume  2.5  cents  per  kw-hr^  as  being 
representative  of  the  price 'paid  by  an 
industriaf  customer  for  electricity.  By 
assuming  a  ten-yeeir  sum-of-year-  digit 
depreciated  life  time  for  the  bottoming 
cycle  generator,  a  0.3  -cent  per  kw-hr 
operating  and  maintenance  cost  and  a  70 
percent  duty  cycle,  we  obtain  the  following 
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break-even  capital  costs  for  on-site  power 
generation  with  bottoming  cycle  system:  ' 

Break-even  capital  cost 
Required  after  tax  (52%)       for  bottoming  cycle 
return  pjx  investment   ]  avatem  

12%  5«*6  $/kw 

15%  (169  $/kw 

We  see  that  the  bottoming^  cycle  capital 
requirement  of  «*62$/kw  is  comparable  wi.th 
the  break-even  cost  determined  from  the 
pric^  Of  electricity  of  about  2,5 'cents  per 
kw-hr.     It  follows  that  for  the  assumed 
price  of  electricity^  the  user  most  likely 
will  decide  to  buy  electricity  rather  than 
install  a  bottoming'-cycle  system.  The 
reason  for  such  a  decision  is,  of  course,  ^ 
that  the  assumed- price  of  electricity  d6e^,  r 
not  reflect  the  true  cost  of  new  supplies,' 


Costs  of  Fuel  Shifting  for  Space  Heating 

The  demand  for  fuel  for  residential  and 
commercial  space  heating  could  be  shifted 
from  oil  and  natural  gas' to^ either 
electricity  generated  from  coal  or  to 
alternate  sources  such  gas  produced  from 
co^l. 

Tabl^  9-9  lists  estimates  of  capital 
requireiifents  for  three  alternate  methods  of 
space  (heating,  electric  resistance, 
electric  heat  pump,  and  gas  from  coal,  ^11 
of  which  use  coal  as  the  primary  fuel.  The 
calulations  are  based  on  residential 
heating  units  requiring  150  x  10*  Btu  per 
year,  or  0 . 07  equivalent  barrels  of  oil  per 
day. 

We  see  from  this  table  that  electric 
heat  pumps  offer  the  lowest  total  fuel 
con^mption .  of  the  three  cases.     Gas  from 
coal  gasification  on  the  other  hand, 
affords  a  significant  saving  in  capital 
investment  over  either  form  of  electrical 
space  heating.     It  should  be  noted  that  the 
investment  advantage  for  the  gas  from  coal 
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gaaification  approach  will  be  increased 
even  further  when  adjustment  is  made  for 
the.  high  percentage  of  existing  gas  home-- 
furnaces  which  would  have  to  be  replaced  if 
either  electric  heating  concept  were 
adopted. 

SUMMARY  OF  DEMAND  MODIFICATION  ALTERNATIVES 

Tbe  limiting -incremental  values  of 
effects  of  de'mand  modifications  established 

.in  the  preceding  sections  can  be  allocated 
to  coal.     The  results  are  suminarized  in 
Tables  9-10  and  9-11  in  million  tons  of 
coal  per  year  on  the  basis  of  1  ton  of  coal 

' =  24  X  10« ,Btu. 

Only  a  fraction  of  these  effects  can  be 
achieved,   however >  by  1985  partly  because 
some  industrial  plants  may  be  too  small  in 
size  to  justify  a  modification,  partly 
because  of  fuel-pricing  policies  that  do 
not  make  changes  attractive,  and  partly 
because  of  institutional  constraints. ^^ffior 
example,  a  plant  may  need  process  steaim  in 
amourits  which  do  not  justify  economicaXiy 
the  installation  of  a  topping  system,  or 
the  price  of  electricity  may  be  low  enough 
so  that  the  investment  for  an  on-site 
system  cannot  be  recovered  in  sufficiently 
short  time.     Finally,  there  may  be  state  or 
local  utility  regulations  which  prohibit 
the. sale  of  surplus  electricity  by  an 
industrial  plant  to  a  utility.  g 

EFFECTIVENESS  OF  FUEL  UTILIZATION 
IN  A  PROCESS 

la  attempting  to  evaluate  the 
opportunity  for  fuel  saving  in  a  particular 
process,  we  need  to  know  the  minimum  fuel 
requirement  for  the  process  so  that  we  can 
compare  it  with  the  fuel  consumed  under 
current  practice  and  obtain  a  measure  of 
the  effectiveness  of  that  practice.  The 
minimum  fuel  requirement  tan  be  evaluated 
by  means  of  the  thermodynamic  concept  of 
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TABLE  9-10 

Maximum  Potential  Shift  in  Coal  Requirfments 
Resulting  from'  Selected  Improvement^  in 
Electrical  Effectiveness  at  Point  of  Use. 
(1  quad  =  24  ic  10^  tons  of  coal) 


Demand  modification 


Maximum  incremental 
coal  consumption 
(tons/year  from  1985 
baseline  USDI  forecast) 


On-site  generatiqn  of 
by-product  electricity 
in  industrial  processes 


■333  X  10 


6 


Re-optimization  of 
Aluminum  electrolysis 
process  to  lov;er  current 
density 


10  X  10 


Improved  performance 
residential  &  commercial 
refrigeration  air 
conditioning  equipment 


75  X  10 


Relamping  of  commercial 
&  public  buildings  to 
FEA  lighting  standard 


54  X  10' 


(1)   Aluminum  electrolysis,  v/hich  accounts  for  about 
7.5%  of  industrial  electricity,   is  shovm  as 
an  example  of  improved  industrial  process 
effectiveness.     In  order  to  determine  poten- 
tial savings  for  improvements  in  other 
electrical-intensive  processes,   it  will  be 
necessary  to  perform  a  detailed  study  of 
each  individual  industry. 
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TABLE  9-11 

Maximum  Potential  Shift  in  Coal  Requirements 
Resulting  from  Shitting  All  RGoidential  and 
Commercial  Space  to  Methods  Based  on  Coal  as 
Primary  Source 

* 

Maximum  incremental 
Demand  modification  coal  consumptioa^ 

(tons/year  from  1985 
baseline  USDI  forecast) 


Shift  all  space  heating 

to  electric  resistance  +1640  x  10^ 


Shift  all  space  heating  +  396  x  10^ 

to  electric  heat  pumps 


Shift  all  space  heating 
to  gas  from  coal 

gasification  +  x  10^ 


The  corresponding  reduction  in  oil  and  natural 
gas  consiamptibn  is  about  9  million  barrels 
of  oil  equivalent. 
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available  useful  work.  Readers  unfamiliar 
with  the  foundations  of  thermodynamics  'and 
the  concept  of  available  useful  work  might 
consult  the  article  on  "Principles  of 
Thermodynamics"  in  the-^974  Edition  of  the 
Encyclopedia  Britannica 

In  a  report  prepared  for  the  Energy 
Policy  Project  of  the  Ford  Foundation 
(Gyftopoulos  et  al,   1974)  the  concept  of 
available  useful  work  was  used  to  evaOuajfte 
the  effectiveness  of  fuel  utilization^^ 
five  energy-intensive  industries.     Table  9- 
12  lists  the  industries,  outputs,  specific 
fuel  consumptions^  and  total  fuel  consumed 
in  1968.     In  addition,  the  table  lists  the 
minimum  specific  fuel  requirements, . and 
minimum  total  fuel  requirements  for  these 
industries.     It  is  seen  from  these  data 
that  the  average  fuel  effectiveness  for  the 
five  industries  under  consideration  is  1.17 
X  10*V9.2  X  10*5  si3  percent.    The  average 
fuel  effectiveness  of  13  percent  should  not 
be  confused  with  the  efficiency  value  of  7p 
percent  or  higher  reported  in  the  * 
literature.  -  The  latter  figure  represents 
the  average  fraction  of  the  heating  value 
of  the  fuels  that  are  used  in  industrial 
processes. 

The  large  mcurgins  that  exist  between 
current  practives  and  minimum  theoretical 
requirements  indicate  the  potential  which 
is  available  for  major  long-term  reductions 
in  fuel  consumption  through  basic  process 
modifications.  ^ 
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CHAPTER  10 


SOME  METHODS  OF  REDUCING  SULFUR  OXTnKfi  ppom 
POWER  PLANTS 


(Chapter  10  Was  'written  by  Harry  Perry 
under  the  general  supervision  of  the 
committee,  which  reviewed  the  work  at 
several  stages  and  suggested 
modifications  that  have  been 
incorporated.     While  every  committee 
member  has  not  necessarily  read  and 
agreed  to  every  detailed  statement 
contained  within,  the  committee 
believes  that  the  material  is  of 
sufficient  merit  and  relevance  to'  be 
included  in  this  report.) 

In  this  chapter  a  number  qf  possible 
techniques  for  reducing  emissions  of  sulfur 
oxides  from  powerplants  are  discussed  and 
evaluated.     They  include: 

(1)  improved  efficiency  of  conversion  of 
fuel  to  electricity  (this  would  reduce 
pollutant  emissions  per  unit  of 
electricity  generated) ; 

(2)  shift  to  nuclear  generation  as  rapidl]^ 
as  possible  since  no  sulfur  o:d.de  (or 
particulate)  is  emitted  from  nuclear 
plants; 

(3)  shift  fossil  fuel  plants  to  lower 
sulfur  fuels; 

(4)  removal  of  sulfur  from  coal  before 
combustion,  or  of  the  sulfur  oxi,de 
after  combustion,  but  before  it  enters 
the  stack:     the  techniques  to  be 
considered  are 
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(a)     coal  preparation  (conventional  and 

advanced  technology)  ; 
(bl     solvent  refined  coal;  ^ 

(c)  low  sulfur r  low  BTU  gas  from  coal; 

(d)  fluidized  bed  combustion; 

shift  fuel  consumption  from  electricity 
to  pfpeline  grade  gaf  made  from  coal  or 
to  solar  energy • 


Other  possible  techniques  are  discussed  in 
Chapters  11  and  12. 

t 

ASSESSMENT  OF  THE  POTENTIALS  FOR  IMPROVED 
EFFICIENCY  IN  THE  CONVERSION  OF  FUEL 
TO  ELECTRICITY 


Summary 

Methods  of  generating  electricity  at 
increased  efficiencies  (in  order  to  reduce  the 
pollution  load  per  unit  of  electricity 
generated)   are  not  expected  to  come  into 
widespread  use  until  1985  or  later.  -As 
important  as  it  is  to  continue  R&D  on  these 
advanced  power  cycles^  they  offer  no  sollution 
for  reducing  sulfur  oxide  or  particulate 
emissions  in  the  period  between  1975  and  1985. 

The  average  heat  rates  (i.e.  the  number  of 
heat  units  required  to  generate  one  net  kw-hr. 
of  electricity)   for  utility  power  plants  in  the 
U.  S.     declined  steadily  from  25^175  BTU/kw-hr. 
in  1925  to  10,479  BTU/kw-hr.  in  1972.  This 
increase  in  conversion  efficiency  was  the  result 
of  a  number  of  technologic  improvements,  the 
mosfe-_important  of  which  we^^e  those  that 
permitted  steam  turbine  plants  to  operate  at 
higher  temperatures  and  Pressures.  Through 
experience  it  has  been  foaind  that  the  best 
current  practical  efficieWy  of  operation  is  38 
to  39  percent.      (Heat  rate^pproximately  9000 
BTU/kw-hr.)  . 

The  average  heat  rate  was  lowest  in  1968 
when  it  was  10,371  BTU/kw--hr.,  and  it  has  in- 
creased steadily  since  that  time  for  a  number  of 
reasons.     The  leveling  off  in  the  efficiency  of 
new  plants,  the  more  widespread  use  of  nuclear 
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plants  with  their  higher  heat  rates  and  the  need 
for  additional  electricity  for  pollution  control 
are  among  the  most  important  caqses  for  the 
•Increase. 

With  the  efficiency  limitation  that  exists 
when  using  the  steam  turbine  cycle^  the  electric 
^^ili^i^s  J^ave  started  to  examine  the  potential 
for  using  advanced  power  cycles  which  have  the 
potential  for  using  less  fuel  per  kw-hr.  and 
thus  reducing  the  amoiont  of  pollution  generated. 
Among  those  systems  receiving  the  greatest 
attention  are: 

(a)  combinec^  steam  turbine-gas  turbine 
systems   (open  cycle) ; 

(b)  magnetohydrodynamics  (open  cycle) ;  and 

(c)  the  use  of  binary  cycles  or  wor)ting 
fluids  other  than  steam. 


Steam  Turbine-Gas  Turbine  Combined  Cycles 
(open  cycle) ' 

In  this  cycle  a  fuel  is  burned  in  a  gas 
turbine  and  part  of  the  energy  released 
generates  electricity  in  the  gas  turbine.  The 
hot  gases  leaving  the  turbine*  are  then  used  to 
generate-  steam  for  use  in  a  conventional  steam 
turbineT     Steam  turbine-gas  turbine  combined 
cycles  are  currently  being  used  commercially  on 
medium  sized  boilers  using  natural  gas  as  a 
fuel6     However^  plants  uaing  these  cycles  would 
be  unable  to  use  coal  as  a  fuel   (unless  it  were 
first  gasified  and  the  particulates  removed) ; 
they  do  not  operate  at  sufficiently  high 
temperatures  to  get  the  high  conversion 
efficiencies  desired ,  and  when  the  temperatures 
are  increased^  do  not  have  the  service  life 
required  in  a  bas^  load  utility  plant. 

A  nupiber  of  new  developments  will  be 
'required  if  these  shortcomings  are  to  be 
overcome.     Efficient  aiid  low  cost  processes  will 
have  to  be  devised  to  convert  coal  into  a  clean 
gaseous  fuel,  tt^bine  designs  will  have  to  be 
greatly  improved  to  obtain  the  turbine  life 
needed  at  central  stations,  and  materials  of 
construction  will  have  to  be  developed  that  are 
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able  to  operate  at  ^he  high  temperatures  needed 
for  obtaining  high  conversion  efficiencies, 

•  Estimates  vary  as  to  when  commercial  plants 
using  this  type  of  advanced  techno  logy""  with  coal 
as  a  fuel  will  be  in  operation,  but  no  large 
number  of  such  plants  could  be  operational 
before  1985. 


Magnetohydrodynamics^  (open  cycle) 

Magnetohydrodynamics   (MHD)   is  a  method  for 
converting  the  energy  in  a  hot  moving  gas  stream 
into  electricity  by  passing  a' conducting  qis 
through  a  magnetic  field.    The  gas  must  be 
heated  to  very  high  temperatures  to  make  it 
conductingt  and  even  the,  "seed"  materials  may 
have  to  be  added  to  obtain  the  levies  of  gas 
conductivity  required  to  operate  satisfactorily. 
In  open  cycle  MHD,  the  hot  gases  leaving  the  MHD 
duct  would  be  used  to  raise  steam  for  generating 
electricity  in  a  conventional  steam  generator. 

Numerous  studies  have  been  conducted  both  in 
the  0.  S.  and  abroad  aimed  at  solving  the  multi- 
tude of  problems  that  still  must  be  overcome 
before  MHD  is  commercially  available.  A 
demonstration  size  unit,  using  natural  gas  as  a 
fuel,  is  n^  being  tested  in  the  USSR.  Even 
when  usind  clean  fuql,  MHD  ducts  still  need  to 
be  developed  that  will  have  a  useful  life  in  the 
extreme  tethperature  conditions  expected  in 
ducts;  methods'  for  recovering  the  seed  material 
and  removing  nitrogen  oxides  must  be  found  and 
materials  must  be  developed  for  the  electrodes 
that  will  have  the  needed  electrical  properties 
and  the  ability  to  withstand  high  temperatures 
for  extended  periods. 

If  coal  were  first  converted  into  a  clean 
gas  (free  of  particulates)  before  it  was  burned 
in  an  MHD  unit,  the  same  problems  would  have  to 
be  overcome  as  when  natural  gas  is  the  fuel.  If 
coal  were  to  be  used  directly  as  the  fuel  for 
MHD  generation,  all  of  these  already  difficult 
problems  would  be  compounded.     The  presence  of 
coal  ash  in  the  gases  in  the  form  of  a  liquid 
slag,  could  cause  serious  erosion  and  corrosion 
problems  that  could  shorten  insulation,  duct  and 
electrode  life.     In  addition,  seed  recovery  will 
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be  much  more  complex  in  the  presence  of  coal 
ash. 

If  MHD  could  be  used  commercially^ 
conversion  efficiencies  of  from  50  to  60  percent 
should  be  attainable.     Whil^  there  is 
considerable  controversy  over  whether  a  greatly 
expanded  research  effort  can  be  justified,  there 
is  general  agreement  that  widescale  commerical 
application  will  not  occur  until  1985  or  later. 


The  Use  of  Binary  Cycles  oi^  Working  Fluids 
other  than  Steam 

The  efficiency  limitations  of  modern  steam 
electric  plants  arise  from  the  high  temperatures 
and  pressures  required  when  using  water  (steam) 
as^the  working  fluid,     Ih  order  to  extend  these 
currently  used  steam,  ponditions,  special  steels 
would  be  required  and  the  capital  costs  would 
exceed  the  costs  of  the  fuel  savings,     if  a 
working  fluid  which  possessed  a  higher 
temperature  than  steam  at  a  given  pressure  were 
used,  it  would  be  possible  to  increase  the 
quantities  needed  of  the  more  expensive  second 
fluid,  a  binary  cycle  would  be  used  with  the 
second  fluid  being  used  for  the  high  temperature 
part  of  the  cylce  and  a  conventional  steam  cycle 
being  used  at  the  lower  temperatures, 

A  few  such  binary  plants  were  built  and  ope- 
rated in  the  mid- 1930s  using  mercury  as  the 
second  fluid.     Because  of  health  hazards  and  a 
variety  of  maintenance  and  operating  problems, 
these  plants  were  abandoned.     The  binary  cycles 
now  under  consideration  would^  probably  use 
potassium  (or  a  mixture  of  sodium  and  potassium) 
as  the  high  temperature  fluid  because  of  the 
experience  gained  with  using  these  fluids  in 
turbines  in  Atomic  Energy  Coinmission  and  NASA 
programs.     Other  working  fluids   (carbon  dioxide, 
helium)  might  causq  fewer  operating  problems  and 
are  also  being  considered  for  possible  use. 

Efficiencies  as  high  as  50-55  percent  might 
be  obtained  in  binary  plants  but,  as  with  the 
other  advanced  power  cycles,  extensive 
commercial  utilization  will  not  octSur  until  the 
period  beyond  1985, 
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SHIFT  TO  NUCLEAR  GENERATION  AS  RAPIDLY  AS  POSSIBLE 


Summary  \ 

If  the  necessary  Federal  State  actions 

are  taken  to  restore  the  originally  planned 
nuclear  capacity  (with  associated  reduction  in 
particulate  and  sulfur  oxide  emissions)  coal 
consximption  could  be  reduced  by  about  75  million 
tons  in  1980, 

Commercial  nuclear  power  plants  use  light 
water  reactor  technology  (except^  for^  one 
demonstration  and  one  full  scale  gas-colled 
reactor)  but  are  only  now  begintiing  to  produce 
significant  quantities  of  electricity.  There 
are  currently  32^*500  MW  of  capacity  with 
operating  licenses ^  56^800  MW  of  capacity  are 
under  construction  and  1U7^000  MW  that  have 
limited  work  authorizations  are  being  planned- 
Becaise  of  the  difficulty  that  utilities  are  now 
haviug  in  raising  capital  for  construction-  of* 
new  plants  and  the  higher  capital  costs  of 
nuclear  plants  compared  to  fossil  fuel  plants^  a 
number  of  utilities  have  announced  that  they 
will  delay  or  cancel  construction  of  nuclear 
plants  that  had  been  ordered.     Moreover^  since 
many  utilities  are  able  to  "pass  through"  to  the 
consumer   (without  waiting  for  regulatory  ^ 
approval)  the  increased  costs  of  fuels ^  arv 
economic  incentive  is  provided  to  continue  to 
operate  existing  fossil  fuel  plants  and  to  build 
new  ones-     Under  other  conditions  new  nuclear 
plants  which  do  not -^^t  particulates  or  suflur 
^xide,  but  which  have  highr .  capital  costs  and 
do  not  benefit  from  the  automatic  fuel  clause 
would  be  constructed.     As  a  result^  construction 
schedules  for  nuclear  power  plants  are  being 
delayed.     The  AEC"s  1972  projection  of  1980 
nuclear  capacity  was  132^000  installed 
megawatts.     By  last  year^    (1973)  the  forecast 
had  been  reduced  to  approximately  100^000 
megawatts.     The  current  projection  (late  1974) 
is  for  nuclear  capacity  in  the  range  of  60  - 
70^00'^^egawatts  by  1980. 

FEA  estimates  1  that  nuclear  plant 
construction  schedules  could  be  accelerated  so 
as  to  permit  recovery  of  about  30^000  megawatts 
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^between  now  and  1980  yielding  a  total  installed 
capacity  in  that  year  approaching  100^000 
megawatts.    To  accomplish  this r  it  would  be  ' 
neceosary  for  state  regulatory  coinmiQsions  to 
take  stopa  to  alleviate  the  financial  strains  on 
utilities.     Some  action  on  the  federal  level  to 
assure  priorities  for  critical  materials  and 
components  will  also  probably  be  needed. 
Without  this  assistance^  it  is  unlikely  that  the 
indtistry  will  be  able  or  willing  to  finance 
capacity  in  excess  of  60  ^  70^000  megawatts  by 
1980. 

If'  these  actions  are  taken  and  30,000  MW  of 
nuclear  capacityr  which  would  otherwise  not  be 
.operational,  are  on  stream  by  1980  it  would 
reduce  coal  consumption  in  that  year  by  about  75 
million  tons. 

However,  using  nuclear  fuels  for  generating 
el«Krtricity  creastes  other  types  of 
environmental  problems.     These  include  possible 
radiation  releases  during  routine  plant 
operation  and  in  the  event  of  an  accident,  " 
unresolved  problems  with  respect  to  the  long 
term  disposal  of  high  level  radioactive  wastes, 
and  prevention  of  the  theft  of  highly 
radioactive  material  from  which  nuclear  weapons 
could  be  produced. 


SHIFT  TO  LOWER  SULFUR  FUELS 


Summary 

Existing  and  projiected  shortages  of  natural 
gas  will  further  reduce  the  amount  of  this  clean 
fuel  (low  in  sulfur,  Idw  in  particulates) 
available  for  electric  utility  use.  Domestic 
petroleum  production  has  not  been  able  to  supply 
domestic  demand  for  a  number  of  years  and  new 
national  policies  are  aimed  at  further  reducing 
the  imports  ,that  have  made  up  the  deficiency. 
As  a  result  the  electric  utility  industry  will 
have  even  less  petroleum  to  use  in  the  future 
than  it  has  in  the  past.     Eastern  low-sulfur 
coal  reserves  are  large  but  much  of>-  the  reserves 
are  not  available  to  the  electric  industry. 
Existing  production  capacity  for  th^se  low- 
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^    sulfur  coals  io  inadequate  and  is  expected  to 
remain  so.     By  shifting  available  low-sulfur 
coal  to  plants  not  meeting  primary  standards 
froB)  plants  which  could  burn  higher  sulfur  coal 
and  still  meet  the  primary  standards,  some 
improvement  in  ambient  air  quality  could  be 
achieved.     It  is  estimated  that  a  shift  of  as 
much  as  36  million  tons  could  be  made  to  reduce 
^he  tonnage  in  violation  by  about  15  percent. 
Low  sulfur  western  coals  will  be  usable  in^  new 
coal  fired  plants  designed  to  bum  them  if 
transportation  capacity  is  increased  but  their 
use  in  retro-fitted  plants  will  be  limited. 


Natural  Gas  , 

Since  1968,  except  for  the  Alaskan  natural 
gas  discoveries,  the  amount  of  gas  that  has  been 
consumed  each  year  has  been  greater  than  that 
which  has  been  discovered.  a  result  there 

has  been  a  steady  deterioration  in  the  absolute 
quantity  of  gas  in  the  proven  reserve  category. 
Natural  gas  production  oti  the  other  hand 
continued  its  rapid  growth  un^il  about  1973; 
since  then  production  has  about  leveled  off. 
This  is  the  result  of  inadequate  gas  supplies 
since  unfilled  demand  for  gas,  the  cleanest  of 
the  fossil  fuels,  remains  at  an  all  time  high. 

As  a  result  of  the  apparent  peaking  of  ^co^ 
duction,  gas  curtailments  have  been  made  by  the 
pipeline  transmission  companies  to  a  large 
number  of  gas  distribution  systems  with  the 
greatest^curtiailments  made  for  those  that  serve 
geographic  areas  far  from  the  gas  producing 
regions.     During  the  winter  period  of  1973/1974 
curtailments  to  £ast  Coast  gas  distributors  were 
approximately  25  percent.    Some  transmission 
companies  have  announced  that  curtailments  on 
their  system  during  the  1974/1975  heating  season 
vdll  be  even  greatex.     Transco,  the  gas  t> 
transmission  line  serving  many  East  Coast 
distributers,  has  indicated  that  curtailments 
could  reacn\  30-35  percent  this  winter. 

Prioritx^s  have  been  assigned  to  various 
types  of  gas  \:onsumers.     The  highest  priority 
customers  are  mainly  the  residential  and  small 
commeric^l  users  of  gas  who  would  have  the 
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greatest,  difficulty  in  shifting  to  other  fuels 
and  who^  even  from  a  pollution  abatement 
standpoint^  should  receive  the  highest  priority 
since^  in  nearly  all  instances  these  customers 
are  equipped  with  short  stacks  for  discharging 
the  cojfiilpustion  products  into  the  atmosphere.  If 
they  used  a  polluting  fuel  they  would  make  a 
much  greater  contribution  to  deteriorating 
ambient  air  quality  than  large  consumers  with 
taH  stacks  the  use  of  which  dilutes  air 
pollutant  concentrations  by  providing  for  mixing 
of  the  pollutants  with  large  volumes  of  cleaner 
air  before  reaching  ground  levels.' 

ho  a  result  of  all  of  these  factors  less 
natural  gas  will  be  available  to  the  electric 
utility  industry  and  to  large  industrial 
customers  than  there  has  been  in  the  past.  In 
the  President's  Message  to  Congress  on  October 
8,  ^9^U,  he  u^ged  that  all  existing  plari^ts 
burning  oil  and  gas  that  could  be  converted  back 
to  coal  should  do  so^  and  that  all  plant^  ^ue  to 
come  on  stream  that  were  designed  for  thqse 
other  fuels  should  be  modified  to 'burn  od^l. 

Petroleum  and  its  products  v 

A  small  quantity  of  petroleum  products  is 
indispensable  t^  the  operations  of  the  utility 
industry.     Coal  fired' plants  need  petroleuirt  to 
start  up  new  furnaces  and  to  stabilize  coal 
fired  flames  when  the  boilers  are  operated  ^tr 
low  loads.     In  addition^  smalls  quantities  of 
petroleum  products  are  needed  for  diesel 
electric  generator  sets[  and  to  fuel  gas  turbines 
used  largely  for  peakirig  operations. 

The  bulk  of  the  petroletim  used  by  the 
utility  industry,  however,  is  residual  fuel  oi?. 
burned  to  supply  the  heat  for  base  toad  steam 
electric  generating  plants.     Some  of  the  plants 
using  residual  oil  were  converted  from  coal  to 
oil  to  meet  the  sulfur  oxide  air  pollution 
regulations. 

National  policy  is  now  aimed  at  reducing  the 
use  of  oil  in  utility  boilers  ,in  order  to  reduce 
oil  imports;  shifting  to  low  sulfur  oil  to  ^ 
reduce  sulfur  oxide  and  particulate  emissions 
v^uld  frustrate  this  national  goal.     Even  the 
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discovery  of  large  domestic  reoources  of  either 
oil  or  gas  on  the  Outer  Continenta^l  Shelf 
(particularly  the  OCS  Atlantic  which  ia  close  to 
the  oil  burning  plants  and  to  i^egions  with  high 
ambient  concentrations  of  sulfur  oxides)  would 
probalby  not  result  in  any  significant  change  in 
this  situation.     If  the  OCS  Atlantic  leasing 
were  to  start  as  early  as  1975  and  if  important 
discoveries  were  made,  it  would  be  1979  or  1980 
before  large  volumes  of  these  fuels  would  be 
available  for  use  from  this  source.  Moreover, 
it  is  abvious  tfeat  use  of  these  fuels,  which  are 
in  short  supply  now  and  are  certain  to  be  in  the 
future,  by  the  utility  industry  would  not 
represent  the  best  use  of  these  fuls  to  obtain 
short  term  environmental  relief. 

There  ate  approximately  64,300  MW  of  oil 
burning** steam  electric  capacity  in  operation  in 
197a  with  24,000  MW  of  new  oil  burning  cajpacity 
being  constructed.     Of  the  existing  capacity, 
23,600  MW  at  73  plants,  or  about  30  percent, 
could  be  converted  to  coal.     These  plants  are  , 
concentrated  mainly  along  the  East  Coast — New 
England  and  the  Mid-Atlantic  states — with  a  few 
in  mid-western  areas  where  residual  fuel  can  be 
delivered  at  low  cost  by  water.     Because  of  the, 
geographic  locations  of  these  plants  with 
respect  to  coal  suppliers  and  the  high 
concentration  of  plants  in  a  relatively  few 
areas,  supplying  coal  that  they  require,  even 
coal  with  a  high  sulfur  content,  may  be  more 
difficult  than  it  first  appears  because  of  a 
shortage  of  coal  production  capacity  and  of 
railroad  cars. 


The  coal  resource  base  of  the  U.S.  is  large 
ainough  that,  no  matter  what  projections  are  made 
for  its  use  as  a  boiler  fuel  or  for  its 
conversion  into  synthetics,  there  will  be 
adequate  supplies  available  to  last  until  beyond 
the  end  of  the  century.     Unfortunately,  most  of 
the  coal  currently  being  mined  in  the  U.S.  has  a 
higher  si^fur  content  than  the  new  SOx  source 
performance  will  permit  (in  the  absence  of  stack 
gas  desulfurization) .     In  1972,  the  electric 
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utility  induotry  conQumed  352.9  million,  tons  of 
coal  of  which  only  Qomewbat  overVl  percent  had  a 
oulfur  content  0.5  percent  or  less,  about  12 
percent  had      Gulfur  content  of  0,6  to  1.0 
percent^  5j6  percent  had  oulfur  content  between 
1.1  and  3.0  percent^  while  31  percent  had  a 
oulfur  content  over  3  percent.     The  average 
oulfur  content  oulfur  content  of  coal  provided 
to  electric  utilities  was  approximq^tely  2.5 
percent.     From  FPC  records  (which  have  been  kept 
Qince  February  1973)  the  average  sulfur  content 
of  coalo  delivered  each  month  to  electric 
utilities  was  ^.3  percent  until  May  1974  when  it 
rose  to  2. a  percent,     in  commenting  on  this 
increase  in  sulfur  content  the  FPC  noted  "In  the 
past  few  months  as  coal  purchases  have  continued 
to  register  year-^to-year  gains,  the  bulk  of  the 
increase  has  been  in  the  higher  sxUfur 
categories. " 

The  increase  in  coal  production  in  the  first 
ten  months  of  1974  of  about  5.0  percent  over  the 
comparable  period  of  1973  appears  to  have  come 
mainly  from  increasing  the  capaicty  of  old  mines 
(working  additional  time,  and  opening  up  new 
sections)  rather  than  from  the  opening  of  new 
mines.     Immediately  following  the  passage  of  the 
Coal  Mine  Health  and  safety  Act  of  1969,  21.5 
million  tons  of  deep  mine  capacity  was  closed  in 
1970,   19.7  million  tons  in  1971  and  21.0  million 
tons  in  1972,  for  a  total  of  62.2  million  tons. 
This  represented  a  total  of  1585  mines  of  which 
1341,  or  about  85  percent,  were  niines  producing 
less  than  50,000  tons  per  year,    with  the 
disappearance  of  the  small  underground  mines 
that  were  unable  to  meet  the  new  health  and 
safety  regulations  and  with  the  large  demand  for 
coal  and  the  high  price  it  commands,  the  number 
of  closings  in  1973  and  1974  was  probably 
smaller  but  is  still  probably  in  the  range  of  15 
million  tons^'per  year. 

Deep  mine  openings  in  these  same  resulted  in 
added  capacities  of  33.2  million  tons,  23.5 
million  tons  and  17.6  million  tons  respectively, 
for  a  total  of  45.6  million  for  the  three  year 
period.     Deep  mining  capacity,  therefore, 
decreased  16.6  million  tons  in  three  years. 

The  new  strip  mine  productive  capacity  that 
was  installed  was  26.5  million  tons  in  1970, 
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•"Se^l  million  tons  in  1971  and  54.6  MHion  tons 
in  1972  for  a  total  for  the  three  years  of  137,2 
million  tons.    No  data  are  available  on  strip 
mine  closings  but  the  total  capacity  that  was 
involved  can  be  estimated « to  be  very  small.  The 
major  new  strip  mining  capacity  added  in  1970 
was  mainly  in  Arizona,  Kentucky  (mostly  Eastern) 
and  West  Virginia.     By  1!972,  although 
development  of  Western  coal  deposits  had  started 
in  order  to  exploit  their  low  sulfur  content, 
the  largest  capacities  added  were  Qtill  in 
Kentucky  (17  million  tons) ,  Ohio  (9  million 
tons),  Alabama  (7.6  miJ^lion  tons)  and  West  ^ 
Virginia   (3.9  million  tons).     Five  new  mines 
were. opened  in.  Wyoming  with  a  total  capacity  of 
5.4  million  tons. 

T6tal  net  new  mine  capacity  added  between 
197  0  and  1972  was  about  120  million  tons.  With 
the  uncertain  future  of  sulfur  oxide  regulations 
as  well  as  the  deep  division  of  opinion  about 
whether  sulfur  oxide  control  technology  had  been 
"proven"  to  be  coounercial,  it  appears  that 

0  construction  of  new  Eastern  underground  mines 
has  been  slowe^ii  down  apprecieUbly-  This 
uncertainty  has  probab).y  also  had  an  impact  on 
thG  rate  of  development  in  the  low  sulfur  coals 
that  can  be  strip  mined  at  low  cost  in  Wyoming, 
Montana  and  North  Dakota.    If  sulfur  oxide 
control  technology  is  commercially  available, 
the  nev/"  markets  for  the  low  sulfur  Western  coals 
that  had  been  anticipated  in  order  to  meet 
sulfur  oxide*^^gulations  would  be  depressed  and 
the  very  large  investments  in  these  new  mines  - 
would  have  been  premature.    On  the  other  hand, 
if  stack  scrubbing  technology  is  still  unproven 
and  sulfur  oxi^e  regulations  are  to  be  waived  by 
regulators  for  only  limited  periods,  then 
investments  in  new  and  expensive  underground 
mining  capacity  for  high  sulfur  coals  cannot  be 
justified.     It  is  for  these  reasons  that  it 'is 
important  that  the  coal  and  utility  industry 
know  what  the  state  of  technology  really  is  and 
what  national  policies  will  be  followed  with 
respect  to  sulfur  oxide  control.     Until  these 
questions  are  resolved,  investments  in  the^new 
mines  and  generating  plants  (that  it  is  now 
clear  will  be  badly  needed)  will  not  be  made. 
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In  the  meantime  some  of  the  available  low 
sulfur  coal  is  being  used  at  utility  plants 
which  would  be  able  to  meet  the  national 
emission  standards  using  coals  with  a  higher 
sulfur  content  than  they  are  now  using,  in 
January  1974,  the  Bureau  of  Mines^  estimated  a 
shortage  of  low  sulfur  coal  of  243  million  tons 
in  1975  and  275  millioh  tons  in  1980.    The  EPA 
issued  a  report^  using  updated  Bureau  of  Mines 
data  that  indicated  that  the  demand  for  low 
sulfur  fuels  would  be  273,  295  and  329  million 
tons  in  1975,  1977  and  19e0  respectively*  These 
estimates  were  based  on  restrictive  assumptions 
transferring  coal  from  where  it  is  unacceptable 
^  to  where  it  is  acceptcible.    Estimates  of  the 
shortages  of  clean  coal  for  1975  under  three 
alternative  transfer  assumptions  were: 

1975  Deficit 
(millions  of  tons) 
Na  transfers  273 
Intrastate  Transfer  253 
Intersector  transfer  237 
Intreiregional  transfer  191 

The  m§st  reasonable  assumption  is  that 
intersector  transfer  could  be  arranged  so  that 
this  practice,  if  implemented,  would  reduce  the 
deficit  in  1975  by  36  million  tons. 

With  proven  stack  scrubbing  technology,  any 
U*S*  coal  could  be  used  regardless  of  its  sulfur 
content.    The  rate  at?  which  stack  scrubbers 
could  be  installed  is  discussed  below,  but  the 
time  required  is  in  the  same  order  as  the  time 
to  open  up  new  mines^.     However,  if  stack 
scrubbing  (or  other  control  devices)   are  not 
"proven"  there  are  still  adequate  reserves  of 
low  sulfur  coal  to  meet  the  air  quality 
standards  set  for  some  areas.    The  recoverable 
reserves  of  low  sulfur  Eastern  coal  with  a 
sulfur  content  of  1.0  percent  or  less  are 
estimated  at  about  19  billion  tons«/ Much  of 
this  is  high  quality  coking  coals.     Some  of  the 
coal  is  owned  by  steel  companies  and  are 
dedicated  to  usg  in  the  manufacture  of  coke 
needed  to  produce  pig  iron.    Moreover,  there  is 
insufficient  mining  capacity  to  produce  this 
coal  and  there  is  no  rush  to  construct  new 
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capacity  until  the  sulfur  oxide  issues  are  more 
clearly  resolved. 

Estimate  of  coal  production  (in  thousands  of 
tons)   by  sulfur  content  in  the  Appalachian  and 
Midwestern  regions  are  shown  below  for  1975, 
1977  and  1980: 

1975  ,  197?  1900 

Sulfur  Contont ,  Porcont 
>2  .0 


Sulfur  Content, 

Percent 

Sulfur  Content, 

<1 .0 

t 

1.1-2.0 

'2.0 

•'-V 

X.  1-2.0 

Appalachian 

202,100 

94,050 

135, 250 

218,150 

100 ,800 

Mid- Woo torn 

5,7  00 

8,  150 

152, 300 

6,  200 

8,700 

207,800 

102, 200 

267,550 

224, 350 

109,  500 

Total 

597,550 

641  ,175 

<1  .0 

251,850 
6  ,775 


1.1-2,0 

11 3,900 
9,450 


257,925   123, 350   340, 225 
721  ,  500 


160.  350 
179,875 


Production  is  expected  to  increase  by 
123,950,000  tons  (20  percent)   in  this  period  , 
(1980)   but  the  share  of  coal  with  a  sulfur 
content  that  is  1  percent  or  less  is  expected  to 
remain  about  the  same,  35  percent  of  the  total, 
.while  the  share  with  a  sulfur  content  between 
'l.1  and  2.0  percent  will  also  remain  constant  at 
17  percent  of  the  total.     However,  and 
additional  50  million  tons  of  less  than  1 
percent  sulfur  coal  will  be  produced  and  could 
be  used  where  it  is  needed  most. 

The  very  large  reserves  of  low  sulfur  coal 
are  found  in  the  West  at  great  distances  from 
the  markets  and  in  areas  where  the  construction 
of  large  new  mines  would  have  a  major  impact  on 
socio-economic  conditions  in  the  region.  If 
this  coal  is  to  be  used,  it  will  require  three 
or. four  years  to  bring  on  the  first  of  the 
capacity  and  up  to  10  years  or  more  to  construe^' 
all  the  new  capacity  that  might  be  required  in-^ 
order  to  meet  SOx  regulations.     Many  of  the 
existing  coal-fired  plants  would  be  unable  to 
use  these  Western  coals,  even  if  the  mining 
capacity  was  available  since  these  coals  require 
different  types  of  mills,  feeders  and 
combustors.     Even  if  they  were  physically  able 
to  be  used,  in  nearly  all  instances  it  would  be 
at  the  expense  of  boiler  derating  and  this  large 
cost  would  have  to  be  included  in  making  trade- 
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offs  between  stack  scrubbing  and  using  western 
coals. 

There  already  exists  a  se/ious  shortage  of 
coal  cars  for  t^'ansporting  coal  from  existing 
mines  to  markets  for  what  is  usually  a 
relatively  short  distance.     If  the  much  longer 
haul  to  bring  western  coals  to  Appalachian 
EKarkets  were  used,  the  transportation  shortage 
would  be  severely  aggravated  for  at  least  2  to  3 
years  even  %yith  Government  intervention  and 
longer  without. 

REMOVE  SULFUR  FROM  COAL  BEFORE  AND 
DURING  COMBUSTION 


^  )  Summary 

Proven  conventional  coal  cleaning-  methods 
can  reduce  the  sulfur  content  of  coal 
significantly.    However,  unless  the  original 
sulftir  content  is'  already  low  enough  to  nearly 
meet  the  sulftir  oxide  emission  standards, 
conventional  coal  cleaning  methods  will  not 
bring  most  coals  into  compliance  with  soiirce 
performance  standards  for  SOx.     For  existing 
plants  in  rtiral  ajeas,  coal  cleaning  can  reduce 
sulftir  content  of  the  coals  used  by  about  40 
percent.     Advanced  coal  cleaning  methods  may  be 
able  to  increase  the  amount  of  sulfur  and  ash 
removed  but  all  of  the  processes  are  in  their ^ 
early  stages  of  development  and  many  may  be  high 
cost  for  the  extra  sulfur ^removal  that  is 
accomplished. 

A  low  sulftir  -  low  ash  product  can  be 
produced  from  coal  and  commercial  plants  may  be 
in  operation  by  1982-1983.     The  products  made 
from  a  coal  with  costs  of  80  cents  per  million 
BTU  will  cost  in  the  range  of  $1.75  to  $2.00  per 
^i^illion  BTU.     Alternatively,  a  low  BTU  -  low 
sulftir  gas  can  be  made  from  coal  (80  cents  per 
million  BTU)  with  costs  in  approximately  the 
sapie  range.     Commercial  plants  making  gas  may  be 
operational  in  1981  or  1982. 
/     High  stiLfur  coals  may  be  burned  directly  in 
an  environmentally  acceptable  way  in  a  fluidized 
kHBd  operated  either  at  atmospheric  or  elevated 
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pressure.    A  full  scale  unit  designed  for 
atmospheric  pressure  could  be  in  operation  by 
1980  or  1981  and  a  pressurized  unit 
approximately  two  years  later.     If  fluidized  bed 
combustion  can  be  successfully  developed,  it 
should  produce  a  clean  fuel  for  boiler  use  irhat 
is  less  costly  thai;  either  a  low  sulfur  -  low 
ash  coal  or  low  BTU  *  low  sulfur  gas  produced 
from  coal. 


Conventional.  Coal  Cleaning  Technology 

Besides  substituting  a  low  sulfur  for  a  high 
sulfur  fuel  to  reduce  the  sOx  formed,  the  sulfur 
can  be  removed  from  the  fuel  before  combustion.. 
Methods  for  removing  sulfur  from  coal  before  it 
is  burned  have^^^^beeii  widely  used  for  many  years. 
The  basic  purpose  of  coal  treatment  for  most 
uses  to  which  coal  was  put,  was  to  reduce  the 
ash  content  of  the  coal  but  during  the  treatment 
process  some  of  the  sulfur  was  also  removed. 
When  the  coal  is  to  be  used  to  maJce^  coke, 
special  efforts  are  also  made  to  remove  as  much 
sulfur  as  possible  while  reducing  the  ash 
content,  since  the  presence  of  sulfur  in  the 
coke  significantly  increases  the  costs  of  making 
pig  iron. 

Sulfur  does  not  occur  as  an  element  in  coal 
but  it  is  found  in  chemical  combination  in  three 
forms:     combined  with  the  organic  coal 
substance,  with  iron  which  is  found  as  discrete 
particles  of  pyrite  in  the  coal  substance  and 
with  calcium  and  iron  in  the  form  of  sulfates. 
Sulfate  sulfur  is  always  present  in  small 
quantities. 

The  percentage  of  sulfur  that  occurs  in 
coal^  as  pyrite,  varies  from  about  20  to  80 
percent  of  the  total  sulfur.     For  U.  S.  coals 
with  a  low  sulfur  content  most  of  the  sulfur  is 
in  the  organic  form  while  for  high  sulfur 
content  coals  most  of  the  sulfiir  occurs  in  one 
or  more  of  the  pyrite  fomns.    For  example,  an 
Iowa  coal  with  a  sulfur  content  of  6.21  percent 
has  4.80  percent  has  4.80  percent  of  the  sulfur 
in  the  form  of  pyrites  while  a  West  Virginia 
coal  with  0.66  percent  sulfur  has  0.61  percent 
of  the  sulfur  in  the  form  of  organic  sulfur. 
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The  methods  that  have  been  used  to  remove 
ash  and  sulfur  depend  on  physical  separation  of 
the  coal  from  the  impurities  (ash  and  pyrite) 
and  rely  on  the  difference  between  the  desities 
of  coal  and  its  impx^rities.    A  variety  of 
processes  have  been  used  in  attempts  to  make  the 
separation  m6re  efficient,  to  increase  &nd 
simplify  the  process  in  order  to  rjsduce  costs 
and  to  increase  the  amount  of  impurities 
removed . 

The  organic  sulfur  does  not  respond  to 
physical  separation  based  on  differences  in 
density  since  it  is  an  integral  part  of  the  coal 
stibstance.     The  amount  of  pyritio  sulfur  that  is 
removed  depends  on  the  fineness  of  the  pyrite 
particles.     If  most  of  the  pyrite  occiirs  in 
larger  pieces,  then  more  pyrite  will  be  removed 
thar^  If  the  pyrite  is  fine.     Crushing  the 
pyritic-containing  coals  to  smaller  sizes  frees 
more  of  the  pyrite  from  the  coal  and  a  higher 
degree  of  pyrite  (and  sulfur)   removal  is 
possible.     However,  these  finer  sized  coals  are 
more  difficult  to  handle  and  coal  cleaning  costs 
are  higher. 

The  amount  of  sulfur  removed  by  coal 
cleaning  is  a  function  of  a  larg^  number  of 
variables  and  each  coal  seam  must/  be  evaluated 
separately  in  determining  its  amenability  to 
sulfur  reduction.     In  a  series  of  tests 
conducted  on  a  number  of  different  U.  S.  coals 
by  the  Bureau  of  Mines  the  average  content  of 
the  raw  coal  was  3.23  percent.     When  crushed  to 
a  top  size  of  3/8"  these  coals,  after  cleaning, 
averaged  1.95  percent  sulfur  with  a  90  percent 
yield.    The  average  pyritic  sulfur  content  of 
these  raw  coals  was  2.05  percent  (out  of  the 
total  sulfur  content  of  3.23  percent)   and  this 
was»  reduced  at,,  90  percent  yield  to  0.75  percent. 
The  average  oj^'ganic  sulfur  content  was  1.2 
percent  and  wais  not  reduced  during  cleaning.  At 
"a  90  percent  yield  only  about  15  percent  of  the 
coals  could  J:>e  cleaned  to  1  percent  sulfur  or 
less. 


The  Illinois  Geological  Survey  conducted 
tests  on  67  Illinois  coals,  with  most  of  the  raw 
coals  having  a  sulfur  content  of  3  to  5  percent. 
Only  6  could  be  reduced  to  a, 1.0  percent  sulfur 
level,  with  ai;i  80  percent  yield. 
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In  general,  the  sulfur  content  of  the  higher 
sulfur  coals  can  be  reduced  more  than  those  with 
lower  sulfur  content*    At  a  1  percent  sulfur 
level  in  the  raw  coal  sulfur  content  is  reduced 
by  about  0.2  percent  while  at  a  3  percent  sulfur 
level  it  is  reduced  to  about  1-5  percent- 
conventional  physical  cleaning  will  reduce  the 
total  sulfur  emitted  by  power  plants  by 
significant  amounts  (in  the  order  of  40  percent 
overall)  but  it  will  not,  in  general,  result  in 
coals  with  a  sulfur  content  meeting  the  new 
source  performance  standards  for  the  SOx- 
However,  coal  preparation  can  reduce  the  sulfur 
content  to  levels  that  are  permitted  by  the 
State  Implementation  Plans  for  ekisting  plants 
in  some  rural  areas* 

Under  normal  circumstances  a  coal 
preparation  plant  using  any  of  the  various 
commercial  technology  can  be  installed  in  from  1 
1/2  •  2  1/2  years- 


Advanced  Coal  Cleaning  Technology 

All  of  the  coal  preparation  techniques  now 
used  Commercially  use  physical  processes  for  the 
separation  of  impurities  and  these  methods  are 
unable  to  remove  all  of  either  the  ash  or 
sulfur-     It  is  possible  to  leach  out  ash  and 
part  of  the  sulfur  through  the  use  of  aqueous 
media  or  by  other  means,  and  a  number  of 
different  processes  are  now  being  tested  to 
accomplish  this  although  none  is  being  used 

commercially- 

TRW  has  investigated  two  different  sulfur 
removal  processes — one  for  removal  of  pyritic 
sulfur  and  one  for  organic  sulfur  but  the  latter 
has  not  been  studied  extensively.    The  process 
for  pyritic  sulfur  removal  has  been  tested  using 
a  ferric  salt  [Fe2(S04)3  or  FeC13]  in  solutions 
in  which  the  coal  was  treated  at  50  to  130  C  and 
at  pressures  of  1  to  10  atm,  with  residence 
times  of  1  to  16  hours  and  with  the  top  coal 
size  ranging  from  1/4"  to  100  mesh-"^  Results  on 
4  coals  showed  removal  of  the  pyritic  sulfur 
with  the  extracted  sulfur  appearing  as  soluble 
iron  sulfate  and  elemental  sulfur- 
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A  large  piloft  plant  ia  being  constructed 
using  the  TRW  pyritic  sulfur  removal  process  and 
it  will  probably  require  at  least  one  year  to 
construct  and  another  year  to  test  the  process 
on  this  scale.     At  that  time  a  decision  will 
have  to  be  made  as  to  whether  the  greater  costs 
(estimated  at  $7  -  $10  per  ton) ^  associated  with 
this  process  (compared  to  the  $2.00  to  $2.50  per 
ton  for  the  physical  separation  methods  that  are 
used  conventionally)   can  be  justified^  in  view 
of  relatively  small  amount  of  additional  pyritic 
sulfur  that  is  removed.     If  this  process  ap|)ears 
to-  be  commercially  viable^  a  few  plants  might  be 
constructed  and  be  operational  by  mid  1978  and  a 
large  number  by  1980.     However^  this  process 
does  not  remove  organic  sulfur  and  reasonably 
good  pyritic  sulfur  reduction  is  obtained  by 
conventional  methods  at  much  Ipwer  coats,  it  is 
improbable  that  any  of  the  advanced  sulfur 
removal  processes  will  be  widely  used  by  1980  or 
even  1985. 


Low-Sulfur,  Low- Ash  Coal 

It  has  been  known  for  many  years  that 
pulverized  coal  cah  be  dissolved  in  a  suitable 
solvent  both  in  the  presence  and  absence  of 
hydrogen  gas  at  elevated  pressure,  s.everal 
process  variants  have  been  investigated  which 
would  use  this  property  of  coal  as  part  of  an 
overall  methods  for  producing  oil  from  coal.  By 
a  suitable  choice  of  the  severity  fo  the  pro- 
. cessing  conditions,  a  low-sulfur  and  low-ash 
solid  fuel  can  be  produced  from  coal  without 
converting  the  coal  to  a  liquid  product.  The 
fuel  produced  is  a  satisfactoty  clean  fuel  for 
use  under  boilers   (for  one  coal  tested  0.5 
peiv^ent  sulfur  and  0.1  percent  ash)   and  should 
not  be  as  expensive  as  a  liquid  produced  from 
coal  that  could  be  used  as  a  refinery  feedstock. 

One  variant  of  this  process,  solvent  refined 
coal  (SRC) ,  has  been  under  study  for  a  number  of 
years  and  construction  of  a  50  ton/day  pilot 
plant  was  completed  in  the  fall  of  1974.  It  was 
designed  to  make  a  product  containing  about  0.8 
percent  sulfur  and  have  a  heating  value  of  about 
16,000  BTU  per  pound.     The  pilot  plant  will  be 
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operated  to  (1)  test  scale-up  factors  frcnn  the 
bench  scale  studies ^   (2)   demonstrate  the 
solid/liquid  separation  step  and  (3)   assess  the 
effects  that  higher  hydrogen  pressures  may  have. 

A  much  smaller  pilot  plant  (5  tons/day) 
using  the  same  process  was  constructed  by 
Southern  services  Inc.  at  Wilsonville^  Alabama. 
Although  the  pilot  plant  has  been  in  operation 
for  some  time^  no  data  have  yet  been  released 
about  its  operation. 

Sohio  has  annoiinced  that  it  is  attempting  to 
arrange  for  private  financing  of  a  900  ton  per 
day  prototype  plant  using  this  type  of  process. 
It  would  be  constructed  near  Toledo,  Ohio 
adjacent  to  an  existing  power  plant.  The 
project  is  designed  to  demonstrate  production  of 
Icean  fuel  from  coal  on  a  scale  sufficiently 
large  so  there  would  be  little  or  no  risk  in 
scaling  up  to  a  full  size  plant*  and  to  f 
demonstrate  that  the  fuel  produced  can  be  used 
in  a  full  size  boiler. 

Even  if  the  Sohio  project  is  consummated,  it 
will  probably  be  late  1978  before  testing  can 
begin.    With  a  one  year  test  period,  the  first 
commercial  plants  could  not  be  operational 
before  1982  or  1983  and  it  is  unliXely  that  many 
plants  would  be  built  simultaneously  until  at 
least  one  plant  has  actually  been  used  on  a 
commercial  scale. 

The  Electric  Power  Research  Institute  has 
engaged  Babcock  and  Wilcox  to  study  the 
combustion  of  SRC.     A  combustion  test  on  30  tons 
of  SRC  is  planned  for  February  1975. 

Costs  of  producing  a  low-sulfur,  low-ash 
coal  are  still  difficult  to  estimate  even 
roughly.     A  large  number  of  different  estimates 
have  been  published  but  the  rapidly  increasing 
costs  of  both  the  coal  and  heavy  construction 
make  most  of  the  earlier  estimates  low.  With 
coal  at  $20  per  ton  (80  cents  per  million  BTU) 
the  low-sulfur,  low-ash  coal  would  cost  (in  197U 
dollars)   in  the  range  of  $1.75  -  $2.00  per 
million  BTU. 

A  number  of  other  coal  liquefaction 
processes  are  under  study  but  they  are  either 
being  tested  on  a  smaller  scale,  so  that 
commercialization  will  be  at  an  even  later  date. 
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or  they  are  designed  to  produce  a  refinery 
feedstock  rather  than  ^  clean  boiler  fuel, 

Low-BTU  Lowsultur  Gas  from  'Coal 

,  Gasification  of  coal  was  a  commerically  used 
process  both  in  the  U.S.  and  abroad  for  many 
years ^  but  waa  abandoned  in  favor  of  natural  gas 
when  large  supplies  of  natural  gas  became 
available.     Town  gas  produced  for  distribution 
by  the  local  gas  companies  was  made  from  the 
distillation  of  bituminous  coals  and  by 
producing  "water  gas"^  a  mixture  of  carbon 
monoxide  and  hydrogen^  m^de  from  coal.  The 
water  gas  was. enriched  with  light  gaseous 
hydrocarbons  made  by  thermally  cracking 
petroleum  to  make  a  gas  with  a  550  BTU  per  cubic 
foot  heating  value.     The  process  was  cyclic, 
inefficient  and  expensive. 

When  a  clean  dust-free  gaseous  fuel  was 
needed  by  industry  (e.g.  at  glass  works)  ,  it  was 
made  by  gasifying  coal  with  a  mixture  of  steam 
and  air  in  a  continuous  process.     The  hot  gas 
produced  (producer  gas)   had  a  low  BTU  content 
(130  BTU  per  cubic  foot)   because  of  the  dilution 
with  the  nitrogen  in  the  air  from  which  it  was  * 
made.     As  a  res!*lt  it  could  not  be  transported 
economically  very  far.    ,On  the  other  hand  the 
gas  could  be  made  at  lower  cost  than  the  higher 
heating  value  "water  gas."  Most  of  the  sulfur  * 
that  was  in  the  coal  appeared  in  the  producer 
gas  as  hydrogen  sulfide.     siAce  air  pollution 
from  sulfur  oxides  was  not  considered  a  problem 
at  the  time^  the  hot  gas  was  burned  with  the 
hydrogen  sulfide  still  in  it.     in  a  few 
installations  the  hydrogen  sulfide  was  removed. 

When  interest  in  coal  gasification  was 
revived  in  this  country  it  was  because  the 
pipeline  transmission  companies  and  the  gas 
distribution  coiApanies  became  concerned  that 
they  would  be  unable^)  to  continue  their  growth  as 
natural  gas  supplies  were  depleted.     Thus^  all 
the  early  research  was  directed  at  making  a  high 
BTU  gas  as  a  substitute  for  natural  gas.  A 
large  number  of  new  processes  to  make  town  gas 
had  been  tried  in  Europe  after  World  War  II 
since  at  t^at  time  coal  was  still  their  main 
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energy  source.    Almos\  all  the  procesees  were 
designed ^o  be^ontinuous  in  order  to  avdid  the 
high  coQta'^^ff^clic  operation  and  the  air  that 
was  used  in  making  producer  gas  was  replaced  by 
oxlgen.    The  large  scales,  use  of  oxygen  became 
possible  as  the  result  of  develppmerit  of  such 
plants  for'  use  in  oth^r  type^  of  commercial 
industrial  processes-     In  additiowr  if  th® 
process  was  able  to  operate  under  pressure, 
there  were  economic  advantages  over  the  older  . 
atmospheric  pressure  operations.    With  the 
continuous  processes  made  possible  I??  the  use  of 
oxygen  in  place  of  air,  the  new  processes  were 
also  designed  to  operate  at  pressure. 

Three  processes  for  making  town  gas  from 
'Coal  had  been  used  in  a  significant  number  of 
installations  so  that  they  can -be  considered 
commercial.    There  are  ^e  fixed  bed,  high 
pressure  Lurgi  process,  the  atmospheric  pressure 
entrained  Kippers  ^otzek  process  and  teh  Winkler 
fluid  bed  atm6spher^.c  process  of  Davey  Power 
Gas,  Inc.    commercial  scalp  plants  using  any  of 
these  processes  could  be  b^ilt  .^th  a  high 
degree  of  confidence  that  satisf actqry.operation 
would  be  achieved.     However  each  of  these 
processes  )ias  disadvantages  so  that  ii^re<*  \ 
advanced  processes  are  being  studied  in  an 
effort  to  overcome  these  shortcomings-  * 

A  large  number  of  new  proceases,  are  under 
study  and  two  have  been  operated  ii/termittently 
on  a  large  pilot  plant  scale  for  several  years 
(IGT-Hygas  and  C02  Acceptor)  .     A  third  large 
pilot  plant,  the  Synthane  process,  is  due  to 
start  operation  in  late  1974  or  early  1975- 
Construction  on  ^  fot[i?th  plant  using  the  Bigas 
process  was  started  recently-     Unless  there  are 
unexpec^d  breakthroughs  the  first  commerical 
plant  using  any  of  these  technologies  will  not 
be  operational  until  about  1981  to  1983. 

In  the  last  several  years «  interest  has 
turned  to  making  a'^lowrBTU  low-sulfur  content 
gas  for  use  under  industrial  and  utility 
. boilers.     This  type  of  gas  should  be  able  to  be 
produced  di%  lower  costs  than  high  BTU  gas  since 
oxygen  is  replaced  with  air  and  a  number  of 
downstream  process  steps  are  eliminated- 
-  Moreover,  the  overall  efficiency  of  conversion 
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Sffif ?n*°  2"*=*^       ^5  percent  compared 

to  the  65-70  percent  for  high  bto  gas. 

Although  it  is  believed  that  most  of^the 
processes  that  were  under  investigation  for 

SIm^^^**  ^1^°        "sed  for  making 

low  BTO  gas  there  has  been  no  testing  of  any  of 
the  commercial  processes  (Lurgi,  Kioppers  Totzek 
or  Davey  Power  Gas,  Incorporated)  in  Se  ofs!  a 
Lurgi  generator,  using  air  instead  of  oxygen, 
has  been  under  test  in  Germany  for  several 
years.     The  Lurgi  generator  is  operated  under 
pressure,  then  to  a  pressurized  steam  boiler  to 
produce  steam  to  generate  electricity  Sd  to  a 
gas  turbine  to  produce  additional  electricity! 
The  exist  gases  from  the  turbine  are  used  to 

ir??f  mT of  ^^'^P"^  °^         P°«^^  plant 

in.hJl  "^^^""^  produced  by  the  gas 

l^li^l'  ^^^^  results  on  this  plant  havl 

reported  in  detail  so  that  it  is  not 
known  how  successf/l  it  has  been,  but  no  ne2 
installations  usin^  the  process  have  been 
announced.  \  ,^ 

the  u^T^i^^l^  ^'S"^ J^^®  ^°  ^^^^  ^  ^"^9i  unit  iri 
the  U.S.  for  maJci;jg/low-BTD  low-sulfur  gas. 
Commonwealth  Edison  company  and  the  Electric 
Power  REsearch  Institute  have  announced  that 
they  intend  to  construct  a  Lurgi  unit  which  will 
produce  a  qlean  gas  to  operate  one  of 
Commonwealth  Edison's  small  coal-fired  electric- 
generating  units.     As  of  January  1975  no 
announcements  have  been  made  that  Contracts  have 
been  awarded  for  this  plant.  .  ' 

Full,  scale,  long  term  testffe  are'  required 
before  even  the  Lurgi  gasifier  for  making  low-  . 
BTO  low-sulfur  gas  can  be  considered  to  be  * 
available  for  commercial  us».    Illinois  coals 
SjoLf""^  extensively  by  Commonwealth  Edison 

possess  some  mild  coking  properties.    Tests  in  a 

fn^hf ^"''^^  gasifier  were  conducted 
in  the  JI.K.  and  appear  to  indicate  that  coking 
coals  can  bfc  used  successfully,  but  this  still 
must  be  confirmed  by  additional  testing.  The 
gas  cleanintWstem  that  has  been  developed 
creates  pot^^ra^=BTrwironmental  problems  and 

iSSrbe  dSsiJ^I^  P 

According  to  Commonwealth  Edison's 
timetable,  their  first  commercial  plant  using 


377 


this  process  (should  the  tests  be  successful) 
vfo'uld  be  operational  in  about  1981  or  1982.  As 
with  solvent  refinfed  coal  it  is  difficult  to 
estimate  the  costs  accurately  in  the  absence 
any  large  scale  plants.    With  coal  at  $20  per  \ 
ton  (80  cents  per  million  BTU)   low-sulfur^  low- 
BTU  gas  (in  1974  dollars)  would  cost  in  the 
range  of  $1.75  tjo  $2.00  per  million  BTU. 

In  order  to  operate  the  Kippers  Totzek 
process  with  air  instead  of  oxygen r  changes  in 
design  would  be  required.    No  experimental  data 
have  been  reported  although  Koppers  is  said  to 
be  planning  to  run  a  test  with  air  on  one  of  the 
commerical  gasifiers  that  is  already  in 
operation  abroad.    No  recent  data  has  been 
reported  on  air  operation  of  Davey  Power  Gas^ 
Incorporated's  gasifier  so  that  ccwnmerical 
plants  using  either  of  these  processes  can 
probably  be  expected  to  be  operational  only  some 
time  beyond  1982.    The  timetable  for  commerical 
operation  of  the  advanced  processes  to  make  a 
low- BTU  low-sulfur  gas  that  are  still  in  the 
prototype  or  pilot  plant  stage  to  make  a  high- 
BTU  gas  is  even  less  favorable.    Combustion  of 
low-BTU  gas  produces  very  low  emissions  of  NOx. 


Low  Sulfur  Oil  from  Coal 

Liqii^id  fuel  from  coal  was  produced  during 
world  War  II  in  Germany  using  two  different 
processes  and  the  product  was  used  as  a  refinery 
feedstock.    Because  of  the , existence  of  these 
processes  and  the  expectation  that  when  oil 
resources  were  depleted^  coal  liquefaction  to  a 
refinery  feedstock  would  again  be  needed;  most 
of  the  research  on  coal  liquefaction  was 
directed  toward  making  this  type  of  product. 

The  need  to  make  a  clean  fuel  from  coal  for 
boiler  use  has  changed  ths  emphasis  on  coal 
liquefaction  R&D^  just  as  it  did  for  coal 
gasification  research.    Unfortunately^  coal 
liquefaction  research  was  not  pursued  as 
intensively  as  coal  gasification  during  the 
1950s  and  1960s.    The  oil  industry  expected  that 
our  limited  domestic  oil  resources  would  be 
first  supplemented  by  imported  oil  since  oil 
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transport  coQtQ  by  oea  are  low  and  large 
reserves  are  found  in  other  parts  of  the  world. e 
One  of  the  two  German  processes  (The  Fischer 
Tropsch)  would  not  be  a  useful  method  to  pursue 
'  it  a  low-cost  low-sulfur  boiler  fuel  is  all  htat 
is  needed-     The  Fischer  Tropsch  process  first 
completely  gasifies  the  coal  and  then  recombines 
tfte  carbon  monoxide  and  hydrogen  over  a  catalyst 
in  a  fluidized  bed  to  produce  relatively  low 
molecular  wight  products-     if  a  fixed  catalyst 
bed  is  used,  higher  molecular  weight  products 
are  formed,  ^ 

The  other  GerEoan  process  used  (Bergius)  dis- 
solved the  coal  in  a  suitable  hydrogen  donor 
solvent.     However,  the  process  would  not  have  to 
be  modified  extensively  to  take  advantage  of  the 
development  of  new  types  of  hydrbgeneration 
catalysts  and  of  advances  in  chemical 
engineering-     As  a  result,  tf-^  low  sulfur  oil 
is  now  the  desired  commercial  product,  one  of 
the  several  coal  hydrogenation  processes  that 
have  been  tested  only  on  a  bench  scale  would 
have  to  be  used.     in  addition  to  operating  tlif^ 
low-sulfur  low-ash  process  at  more  severe  ''- 
pressures  and  temperatures  to  make  a  liquid 
product,    (see  the  discussion  above  of  low- 
sulfur,  low-ash  coal)   the  Synthoil  process  of 
teh  Bureau  of  Mines  and  the  H-coal  process  of 
Hydrocarbon  Research  Incorporated  could  be 
considered  as  likely  process  candidates.     If  a 
successful  modification  of  any  of  these 
processes  can  be  accomplished,  it  might  be 
possible  to  have  a  first  commercial  plant  in 
operation  in  the  priod  1982-1983-     if  any  of  the 
processes  still  at  an  early  state  of 
investigation  must  be  developed  for  producing  a 
low-sulfur  oil  for  boiler  fuel,  commercial 
plants  will  probably  not  be  in  operation  until 
1985  to  1990, 


Fluidized  Bed  Combustion 

Because  of  the  shift  in  interest  away  from 
producing  synthetic  high  bTU  pipeline  gas  and 
refinery  feedstock  from  coal  to  producing  a 
clean  boiler  fuel,  methods  for  using  coal 
directly  have  also  been  receiving  increasing 
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attention.     Pulverized  coal  combustion  (used 
almost  universally  in  large  power  plants)  has 
reached  a  high  degree  of  perfection  although 
there  remain  areas  in  which  improvements  are 
possible-     These  include  optimization  of  the 
configuration  of  the  heat  transfer  surfaces ^  the 
use  of  alloys  capable  of  handling^  higher  steam 
temperatures  and  pressures  and  the  development 
of  methods  to  reduce  the  fouling  and  corrosive 
effects  of  the  ash  of  certain  coals-  Other 
important  drawbacks  to  using  pulverized  coal 
boilers  include  the  fact  that  nearly  all  of  the 
sulfur  in  the  coal  is  converted  into  sulfur 
oxides  which  appear  in  the  flue  gases  and  that 
emissions  of  nitrogen  oxides  are  high. 

Fluidized  bed  combustion,  another  method  of 
burning  coal  directly  in  boilers,  offers  the 
potential  for  overcoming  most  of  the 
difficulties  that  arise  when  pulverized  coal  is 
used.     With  fluidized  bed  combustion  sulfur 
oxide  and  nitrogen  emissions  can  be  reduced,  the 
efficiency  and  reliability  of  the  units  are 
expected  to  be  increased  and  the  size,  weight 
and  cost  of  the  boiler  may  be  reduced- 

in  fluidized  bed  combustion,  crushed  coal  is 
burned  in  a  bed  of  limestone  or  dolomite 
particles   (1/16«*  to  1/8")  which  absorb  tjie 
sulfur  that  is  released  from  the  coal  on 
combustion  to  form  CaSOx-     In  some  pilot  scale 
tests,  it  was  possible  to  operate  so  that  only 
about  1  to  4  percent  of  the  sulfur  in  the  coal 
appeared  in  the  flue  gas  with  pressurized 
fluidized  bed  combustion  and  about  10  percent 
with  atmospheric  combustion-     The  heat  transfer 
tubes  are  embedded  in  the  fluid  bed  so  that 
combustion  tempertures  are  much  lower  than  in 
pulverized  fuel  furnace  while  still  giving  much 
greater  heat  release  rates  per  unit  of  boiler 
volume - 

Fluidized  bed  combustion  studies  have  been 
supported  by  several  government  agencies  for  a 
number  of  years.     In  the  early  work  of  EPA  it 
was  contemplated  that  fluidized  beds  would  be 
used  both  in 'smaller  units  such  as  those 
represented  by  the  industrial  water  tube  boiler 
market  and  in  the  large  base  load  coal  ^ired 
utility  plants-     This  research  drew  heavily  on 
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the  fluidized  combustion  experience  of  the  oil 
industry.     Limited  teats  on  American  coals  were 
run  for  EPA  in  the  U.K.  on  a^mall  fluidized 
pressure  boiler  operating  at  5  to  6  atmospheres 
pre s sure « 

The  research  supported  by  OCR  was  done  at 
atmospheric  pressure  in  a  small  fluidized  bed 
unit  having  a  capacity  of  7000  pounds  of  steam 
per  hour.     Furnace  temperatures  of  1500<>F  were 
used  fl^na^  it  was  demonstrated  that  all  types  of 
coals  YCOuld  be  burned  in  the  unit  in  an 
environmentally  acceptable  manner, 

A  30  MW  atmospheric  unit,  which  is  a  scale- 
up  of  the  successful  pilot  plant  design,  is 
being  constructed  and  installed  in  a  power  plant 
in  West  Virginia.     The  plant  is  scheduled  to  be 
operational  in  June  of  197S.     If  no  unexpected 
difficulties  are  encountered  during  testing  of 
this  unit,  a  200  MW  plant  would  be  constructed. 
The  design  of  this  larger  unit  has  already 
started  and  it  could  be  in  operation  by  late 
1977  or  early  1978.     If  successful,  an  800  MW 
unit  would  be  designed  and  constructed  and  could 
be  operational  by  1980  or  1981. 

Research  on  pressurized  fluid  b^d  combustion 
is  not  as  far  advanced  as  atmospheric 
operations.     However,  pressurized  operation 
should  further  reduce  the  size  and  capital  cost 
of  the  combustion  equipment  and  would  be 
particularly  attractive  for  use  in  combined  gas- 
turbine  steam-turbine  plants  (see  the  dicussion 
above  of  nuclear  generation) .     A  pressxirized 
fluidized  bed  1.8  MW  pilot  development  unit  is 
to  be  used  to  provide  design,  materials  and 
environmental  information  for  the  construction 
of  larger  pilot  plant  unit.    A  20  to  60  MW, 
combined  cycle  plant  is  now  being  designed,  as 
is  a  component  test  prograA  for  larger  scale 
equipgient.     The  pressurized  fluid  bed  research 
is  thorf§ht  to  be  about  2  years  behind  that  of 
the  atmospheric  pressure  research.     This  would 
indicate  that  the  first  full  scale  commerical 
pressurized  fluid  bed  combustion  units  might  be 
achieved  in  the  1982  to  1983  period. 
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SHIFT  FUEL  CONSUMPTION  FROM  ELECTRICITY  TO 
PIPELINE  GRADE  GAS  MADE  FROM  COAL 


Suflfunauiy 

The  average  cost  of  heating  structures  with  ^ 
natural  gas  made  from  coal  is  about  one-half 
that  of  the  average  costs  of  heating  the 
structure  with  electricity  made  from  coal  when 
using  resistance  heating.     When  using  a  heat 
pump  with  electricity,  the  average  costs  are 
about  the  same  as  for  gas  made  from  coal.  Solar 
heating   (including  hot  water)  might  also  be 
competitive  in  some  geographic  areas  with  either 
gas  or  electricity  made  from  coal. 

A  national  policy  of  energy  self-sufficiency 
will  require  an  increase  in  the  use  of  nuclear 
fuels  and  coal  and  a  decrease  in  the  use  of 
natural  gas  and  oil.     The  rate  at  which  Ufa 
nuclear  electric  generating  capacity  would  be 
installed  in  the  next  10  years  was  estimated 
above.     The  shift  away  from  oil  and  gas  can  be 
accomplished  most  easily  in  the  industrial 
markets r  less  readily  in  the 

commerical/residential  sector  and  with  greatest 
difficulty  in  the  .transportation  sector. 

For  many  usesr  particularly  in  new 
installations,  either  electricity  or  a  pipeline 
gas  made  from  coal  could  be  used  to  supply 
energy  requirements.     The  choice  of  which  route 
to  select  should  be  based  on  supplying  energy  at 
the  lowest  marginal  social  cost  to  the  user. 

Pipeline  gas  from  coal  can  be  produced  at 
the  gasification  plant  for  approximately  $2.50 
to  $3.00  per  million  BTU.     Electricity  produced 
at  a  new  coal-fired  base  load  plant  (equipped 
with  air  and  water  pollution  controls)  would 
cost  about  2.6  cents  per  kw  hour  or  $8.10  per 
million  BTU.     With  resistance  heating  (100 
percent  efficiency  conversion  of  electricity  to 
useful  heat)  electric  coists  would  be 
approximately  twice  that  of  natural  gas 
(excluding  transmission  and  distribution  costs 
for  both  fuels).     Under  the  same  assumptions, 
with  a  heat  pump  with  a  seasonal  performance 
factor  o^^r  electricity  would  cost  30  to  60 
percent  more  than  gas. 
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Average  transmission  distances  for  synthetic 
gas  made  from  coal  would  be  about  500  miles  so 
t^t  transmission  costs  would  be  between  25  and 
30  cents  per  million  BTU.    Distribution  costs 
vary  widely  from  city  to  city  but  the  average 
costs  for  all  types  of  consumers  in  the  U.  S. 
were  aO  cents  per  million  BTU  in  1971.     All  the 
synthetic  gas  would  not  require  new  distribution 
facilities  since  part  of  that  gas  would  serve  as 
a  replacement  for  the  decline  in  natural  gas 
production.     However^  assuming  that  new 
facilities  would  be  needed  for  all  of  the  gas 
and  that  new  distribution  costs  would  be  50 
percent  more  than  the  1971  costs,  then  total 
costs  per  usable  BTU  to  the  consumer  woulcj  be 
$5.70  to  $6.50  per  million  BTU.     This  assumes  60 
percent  efficiency  in  use. 

Average  transmission  costs  for  electricity 
xn  1968  were  1.98  mills  per  kw  hour  or  about  60 
cents  per  million  BTU.     As  with  gas, 
distribution  costs  for  electricity  vary  widely 
among  cities  but  the  average  distribution  cost 
!?^-,®^®^^^^^^y         5.69  mills  per  kw  hour  or 
$2.76  million  BTU  in  1968.     Total  costs  to  the 
consumer  for  electricity  (after  adjusting 
transmission  and  distribution  costs  upward  by  50 
percent  over  the  1968  costs)  using  resistance 
heating   (at  100  percent  efficiency)  would  be 
about  $12.80  per  million  BTU  or  frpm  100  percent 
to  120  percent  more  than  synthetic  natural  gas 
made^from  coal.     If  a  heat  pump  were  used  (with 
a  seasonal  performance  factor  of  2}   the  cost 
would  be  about  $6.40  per  million  BTU,  or  about 
the  same  (or  perhaps  10  percent  higher)   than  the 
same  usable  BTUs  from  gas  made  from  coal. 

Capital  investments  in  the  gas  conversion 
plants  are  estimated  at  $7.25/million  BTU/year. 
After  correcting  for  a  60  percent  efficiency  in 
use,  this  becomes  $12/million  BTU/year.     For  the 
electricity  generating  plant,  the  cost  is 
$22/million  BTU/year.     If  a ^heat  pump  with  a 
seasonal  performance  factor  of  2  ig  used,  the 
investment  becomes  $ll/million  BTU/year. 

The  incremental  investment  cost  over  gas  to 
the  home-owner  of  using  a  heat  pump,  however,  is 
approximately  $1500/home  for  heating  services 
above  and  about  $500/home  higher  than  gas  foiS- 
heating  and  air  conditioning  service   (a  separate 
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electric  air  conditioner  for  the  gas  heated  home 
is  assumed).    A  1000  MW  electric  power  plant 
would  be  able  to  serve  500,000  homes  using  a 
heat  pump  so  that  the  investment  cost  (by  the 
consumer)  for  using  electricity  is  then  $750 
million  or  more  th^n  the  generating  plant. 

Another  alternative  for  heating  structures 
is  the  use  of  solar  energy.     Capital  investment 
by  the  homw-owner  for  a  solar  heating  (including 
hot  water)   system  would  be  in  the  range  of  $1500 
to  $2500  (collector  costs  of  $2  to  $4  per  square 
foot) .     Depending  on  the  amount  of  backup 
electrical  installation  that  must  be  available 
for  reliable  service,  solar  energy  for  heating 
might  be  less  costly  than  electric  heating  even 
when  using  a  heat  pump  in  some  geographic  areas. 

FOOTNOTES 

1  Derived  from  preliminary  information 
supplied  by  Office  of  Energy  Conservation, 

FEA.  ^ 

2  Assessment  of  the  Impact  of  Air  Quality 
Requirements  on  COal  1975,   1977,   1980.  U.S. 
Bureau  of  Mines,  January  197«*. 

3  The  Clean  Fuels  Deficit  -  A  Clean  Air  Act 
Problem  Federal  Energy  Administration, 
August  1974. 

4  Under  normal  circumstances  a  large  new  strip 
mine  can  be  installed  in  2-3  years  and  an 
underground  mine  in  3-4  years.     Because  of 
shortages  of  certain  types  of  equipment  and 
other  factors,  the  time  to  open  a  new  mine 
(either  underground  or  strip)   is  now 
somewhat  longer  than  this. 

5  Bureau  of  Mines,  Demonstrated  Coal  Reserve 
Base  of  U.S.  on  January  1,   1974,  June  1974. 

6  Bureau  of  Mines  Circular  8655  -  Reserve  Base 
of  Bituminous  Coal  and  Anthracite  for 
Undergroiand  Mining  in  Eastern  U.S.,  1974. 

7  EP;^  Contract  No.  68  -  02  -  1302  -  Proj.  No. 
30,  Nov.  1974. 

8  supplemental  natural  gas  imports  w€re  not 
thought  to  be  a  useful  method  to  supplement 
domestic  supplies  until  the  late  196  0s 
because  of  the  high  cost  of  liquifying  and 
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transporting  the  najtural  gas  in  the  form  of 
a^  very  Ipw  temperature  liquicifc 
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CHAPTER  11 
FLUE  GAS  DESULFURIZATIQN 


1 • 0  INTRODUCTION 

Are  flue  gas  desulf urization  (FGD)  systems 
reliable  and  operable  for  scrubbing  stack  gas 
effluents  from  the  combustion  of  high  sulfur 
coal  of  the  eastern  United/states? 

It  is  important  to  cq^ider  this  question 
both  in  light  of  the  recent  large  increase  in 
knowledge  of  FGD  technologies  and  also  with 
sober  regard  to  the  disappointments  anad 
failures  that  have  contributed  to  the  new 
knowledge. 

In  1970,  a  panel  of  the  National  Academy  of 
Engineering  (NRC  197(1)  advised  that  "...  there 
is  an  urgent  need  for  commercial  demonstration 
of  the  more  promising  processes,  to  make 
reliable  engineering  and  economic  dafea  avail  apt. e 
to  engineers  who  are  designing  full-scale 
facilities  %o  meet  specific  local  arid  regional 
conditions,     [Emphasis  in  orginal. ]  The  panel's 
definition  of  proven  industrial-scale 
reliablility  is  satisfactory  operation  on  a  100- 
Mw  or  larger  unit  for  more  than  1  year.  Also, 
technical  and  economic  data  developed  must  be 
adequate  for  confident  projection  to  full 
commercial  scale.     Pilot  scale  refers  to 
investigation  using  flue  gas  in  the  capacity 
range  of  10  to  25  Mw.     Smaller  sizes  and  studies 
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using  synthetic  gas  mixtureo  are  considered  to 
be  bench  scale. " 

Spokesmen  who  affirm  that  industrial-scale 
reliability  is  now  available,  as  well  as 
spokesmen  who  deny  it,  often  quote  the  NAE 
panel •s  requirement  of  1  year  of  operation  at 
the  100-Mw  scale.     They  argue  whether  or  not 
this  has  been  acheived  in  a  particular  unit,  and 
whether  or  not  the  experience  in  this  unit  is 
generally  applicable. 

Not  much  attention  has  been  paid  to  the 
other  important  i^jgredient  by  the  panel  as 
necessary  to  insure  industrial  process 
availability:  the  requirement  that  technical  and 
economic  data  xmist  be  available  to  permit  design 
Q£.  full^Bcale  units  to  meet  specific  local  and 
regional  conditions. 

The  NAE  panel  did  its  work  at  a  time  when 
the  chemistry  of  sulfur  oxides  scrubbing 
appeared  far  simpler  than  it  does  today.  The 
panel  considered  16  stack  gas  control 
piTOcedures,     A  reflection  of  the  subsequent 
advance  in  knowledge  is  the  fact  that  10  of  the 
16  were  not  represented  by  presentations  at  a 
meeting  that  EPA  held  in  Atlanta  in  early 
November  of  197«*  to  review  the  status  of  control 
technology.     The  Atlanta  meeting  considered  13 
processes,  of  which  7  were  not  on  the  list  of 
the  1970  NAE  panel. 

It  should  also  be  remembered  that  tiere  have 
been  expensive  large-scale  development  failures 
in  sulfur  oxide  emission  control   (see  Table  11- 
1) •    One  process,  limestone  injection  into  a 
boiler  followed  by  a  scrubber,  that  EPA  urged 
upon  utilities  as  late  as  early  1972  (Walsh 
1972)  ,  is  no  longer  being  offered  for  sale. 

The  record  would  stand  as  an  indictment  of 
the  engineering  profession  were  it  not  for  the 
fact,  now  evidient,  that  the  engineer  was 
compelled  to  press  forward  into  design  and 
construction  of  scrubbing  equipment  of 
unprecedented  size  in  absence  of  adequate 
chemical  knowledge.     Never  before  had  the 
chemical  engineer  been  asked  to  treat  such  a 
large  flow  of  gas  even  for  a  chemistry  that  was 
well  understood.     It  is  not  surprising, 
therefore,  that  many  of  the  early 
disappointments  involved  failure  of  large 
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scrubbing  Equipment  to  Tperf orm  properly  either 
because  poor  materials  of  construction  had  been 
chosen  or  because  the  design  failed  to  provide 
adequate  contacting  of  gas  and  scrubbing  medium. 
For  some  FGD  processes  under  development 
(notably  limestone  injection  followed  by  a 
scrubber) ,  it?  was  bnly  after  these  mechanical 
problems  began  to  come  under  control  that  the 
chemical  problems  began  to  be  appreciated. 

Much  process  jdan  now  be  acknowledged. 
Table  11-2  provides  a  list  of  commercial 
scrub'bing  units  believed  to  be  successful.  It 
should  be  noted  that  little  time  has  been 
available  to- make  the  critical  judgments  needed 
fqjc  compiling  Table  -1*1-2^  and  there  may  well  be 
important  omissions. 

A  feature  of  Table  11-2  is  that  many  of  the 
succe^ssful  sbrubbers  operate  on  oil-fired 
boilers «    Another  feature  is  that  many  operate 
with  an  "open  water  loop",  a  manner  of  operation 
to  be  explained  shortly. 

Two  broad  chan^^  in  the  outlook  for 
scrubber  technology  have  occurred  since  1970  NAE 
panel's  study: ^ 

(1)  It  is  now  appreciated  that  a  process  „ 
successful  for  oil  firing  cannot  in  general  be 
transferred  wholesale  to  coal  firing  without 
process  refinement  and  a  new  commercial  demons 
Qtration  on  a  coal-fired  boiler.     The  trend  of 
thinking  for  wet  scrubbing  processes  Jias  been 
toward  providing  an  electrostatic  precipitator 
for  removal  of  most  of  the  fly  ash  ahead  of  the 
scrubber,  instead  of  relying  upon  the  scrubber 
for  particulate  control.     This  is  because  fly 
ash  can  interfere  with  both  scrubber  chemistry 
(see  section  2.05)   and  mechanical  operation. 
The  1970  NAE  panel  did  not  distinguish  between 
scrubbing  and  the  products  of  jcombustion  of  oil 
and  coal,  nor  di^  most  of  the  literature  on 
scrubbing  of  thdt  time.      (It  should  be  assumed 
that  scrubbing  k^^xe^  gas  from  oil  firing  is 
necessarily  always  (the  easier  task.  See 
Appendix,  11-A  for  a  discussion  of  the  difficulty 
of  removing  fume  particles  that  are  produced  in 
an  oil-fired  boiler.) 

(2)  It  is  also  now  better  appreciated  that 
new  difficulties  arise  in  the  chemistry  of  a  wet 
scrubbing  process  if  it  must  be  operated 
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TABLE  11-2 


Partial  Liot  of  Commorcial  Scrubboro  Handling  Boilor  Fluo  Gao  an<\ 
Boliovod  To  Do  Succoooful 

Noto;     Tho  critorion  for  lioting  a  unit  horo  hao  boon  a  boliof  that 
it  hao  boon  continuouoly  availablo  for  coininorcial  oorvico  for  a 
period  of  at  loaot  oovoral  montho.  ■  Thio  io  not  nocoooarily  a  com- 
ploto  liot . 

Inlot 


Carbldo  Liino 
Paddy 'o  Run   (ooo  2.01) 
Mitoui  Milko  (ooo 
Llmo 


2.02) 
/ 


Mohavo   (ooo  2.12) 
Kanoai  EloctriC/  Amagaoalti 
KQJit-ai  Eloctric,  Kainan 
Tohoku  EloctriC,  Hachinoho 

Limootono 


ChollG  iaoQ  3.10> 

VJill  County   (ooo  3.02) 

LaCygno   (ooo  3,0  3) 

Tokyo  EloctriC/  Hokoouka 

Chugoku  EloctriC/  Mizuchima 

lohihara  Chemical/  Yokkaichi 

Sodium-Limo  Double  Alkali 

Showa  Denko,  Chiba 

* Tohoku  Electric/  Shinsendai 


Equivalent 

Electricity 

Water 

Fuel 

Capaci  ty 

ppm 

Loop 

Coal 

1.  U  U  l'iV» 

1800- 

Cloood 

2000 

Coal 

160-mv 

2000- 

Open 

2350 

Coal 

170-MlV 

200 

Clooed* 

Oil 

12  0-r-ii-; 

1100 

Opon 

Oil 

120-r-n-; 

500 

Open 

Oil 

115-m-; 

820 

Open 

Coal 

115-mv 

420 

Cloood* 

Coal 

84-^-; 

1200** 

Open 

Coal 

700-mv 

4500***Open 

Oil 

130-MW 

250 

Open 

Oil 

104-m-; 

300 

Open 

Oil 

7  7-MlV 

2000 

Open 

Oil 

150-MW 

1200- 

Open 

1500 

Oil 

150-MW 

600- 

Open 

800 


•Mohavie  and  Cholla  experience  little  rainfall/  and  water  losseo 
'    due' to  evaporation  from  their  sludge  ponds  are  significant. 

**Eariier  operation  at  higher  inlet  SO2  levels  was  plagued  by 
formation  of  deposits. 

••Cleanout  of  deposits  is  necessary  about  every  5  days/  but  the 
operator  deems  the  installation  to  be  successful. 
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TABLE  11-2   (cont.)  Equivalent 

Electricity      2  VJotor 

Chiyoda  (oulfuric  Qcid-  Fuol        Capacity        ppm  Loop 

limootono  doubio  alkali) 

Puji  Kooan  Co.,  Kainan  Oil  50-rw  ?  Open 

Daicol  Co.,  AboDhi  Oil  20-m        1500  Opon 

[Throo  unitD  larger  than  lOO-MlV  v/oro  cjchodulod  to  bogin 
operating  on  oil-firod  boil  ro  in  Japan  during  i974,] 

Wollman-Lord   (aodium  oalto) 

Japan  Synthetic  Rubber,  Chiba    Oil  7  0 -Ml-;        1800  Open 

x:hubu  Electric,  Niohi  Nagoya      Oil  220-MK        1500  Open 

Sumitorco  Chiba  Chemical  Co.,       Oil  120-MV;        1300  Open 

Chiba 

[Sovon  unito  larger  than  lOO-f-U-;  v;ero  ochedulod  to  begin 

operating  on  oil-fired  boildero  in  Japxan  during  1974,) 
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Qubatantially  without  discharge  of  salty  water 
to  the  environment.    That  is  to  say,  it  is  more 
difficult  to  operate  if  all  water  leaving  the 
scrubber  must  be  returned  to  the  scrubber  except 
the  water  that  is  discharged  along  the  wet  solids 
waste  or  sludge.    Operation  without  discharge  of 
salty  water  is  termed  ••closed  loop'',  and  an 
operation  that  discards  salty  water  is  said  to 
have  an  "open  water  loop**.     Although  operation 
with  k  closed  water  loop  is  not  a  recent 
concept,  the  1970  NAE  panel  did  not  mention  its 
special  problems. 

These  developments  reinforce  the  1970  NAE 
panel's  judgment  that  an  adequate  technical  data 
base  must  be  available  on  which  to  rest  a 
commercial  design  for  each  given  specific 
situation. 

An  j^deal^  base  in  support  of  a  new  commercial 
design  for  a  sulfur  oxides  scrubbing  process 
would  include: 

(a)  complete  and  detailed  knowledge  of  the 
scrubber  chemistry  selected, 

(b)  understanding  of  the  mechanical  and 
process  performance  of  the  scrubbing 
hardware  selected  as  well  as  the  proper 
materials  of  construction, 

(c)  adequate  correlations  between 
performance  of  bench  scale,  pilot  ^ 
scale,  and  commercial  scale  scrubbers 
of  the  selected  hardware  and  chemistry, 
and 

(d)  adequate  nuiAbers  of  chemists  who  share 
and  agree  upon  the  relevant  chemical 
knowledge,  as  well  as  adequate  numbers 
of  chemical  engineers  who  understand 
the  scrubbing  hardware,  in  the  employ 
of  engineering  firms  that  supply 
scrubbing  systems. 

As  Table  11-2  shows,  only  lime  and  limestone 
scrubbers  have  yet  operated  successfully  on  coal 
at  the  commercial  scale  for  extended  periods  of 
time.     The  question  of  scrubber  reliability  and 
operability  must  be  addressed  here  in  detail 
only  for  these  alternatives.     The  status  of 
other  FGD  processes  is  discussed  briefly  in 
Section  4.0. 

Lime  and  limestone  scrubber  experience  will 
be  discribed  in  Sections  2.0  and  3.0  with 
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empbasls  upon  the  question,  is  a  design  support 
basis  available  to  allow  engineering  f irms^  to 
build  large-ecale  scriibbers  for  medium  and  high 
sulfur  coal  with  confidence?    It  may  be  noted 
that  "medium  sulfur  coal",  containing  between  1 
and  3  percent  sulfur,  accounted  for  33  pCTcent 
of  all  deliveries  of  coal  in  the  United  States 
in  1973.    "Bigh  sulfur  coa,l"^  with  more  than  3 
percent  sulfur,  constituted  29  percent.  The 
remaining  ''low  sulfur  coail*'  delivered, 
containing  less  than  1  percent  sulftir,  were 
mostly  taken  by  the  steel  industzry. 

The  discussion  in  Sections  2.0  and  3.0  is 
written  on  the  assumption  that  most  locations  in 
the  eastern  United  States  are  such  as  to  require 
operation  of  a  scrubber  in  the  closed  loop  mode. 
The  discussion  also  emphasizes  scnnibbers  of  the 
vertical  design  characteristic  of  the  great 
majority  of  scrubbing  installations  now 
undergoing  commercial  trials  or  under 
construction  (however,  see  sections  2.12,  2.15, 
and  3.12). 

In  reference  to  the  foregoing  ideal  base, 
item  (b)  need  be  considered  only  briefly. 
Although  there  is  room  for  improvement  and 
especially  need  for  wider  dissemination  of  the 
available  knowledge,  there  have  been  major 
advances  during  the  past  five  years  in  knowledge 
of  scrtibber  performance  and  of  materials  of 
construction.    The  chemical  engineer  judges  a 
scrubber's  performance  in  terms  of  its 
efficiency  in  the  contacting  of  gas  and  liquor. 
In  a  larg%  scrubber,  the  engineer  can  expect  to 
see  some  local  variation  in  performance,  since 
it  is  a  practicable  impossibility  to  effect  an 
absolutely  uniform  distribution  of  gas  §nd 
liquor  moving  through  the  scrubber,  so  that  each 
small  quantity  of  liquid  would  come  into  contact 
with  exactly  the  same  small  (quantity  of  gas. 
Often,  one  of  the  points  to  be  settle^  by  a 
large  trial  is  a  determination  whether  or  not 
the  efficiency  of  contacting  that  is  afforded  by 
the  practicable  scrubber  is  adequate  for  the 
inherent  requirements  of  the  chemistry  of  the 
proceiss  under  trial.     As  a  result  of  recent 
advances,  a  failure  in  a  large-scale  test  will 
probably  not  result  frojn  a  design  failure  that 
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causes  the  test  scrubber  to  fall  far  short  of 
the  best  for  the  scrubber* s  type. 

Item  (d)  of  the^  ideal  technical  base  will  be 
treated  in  Section, 8«0. 

Sections  2.0  and  3,0  will  concentrate  upon 
(a) 9  availability  of  chemical  knowledge^  and  ^ 
(c)  V  the  adequacy  of  performance  comparisons  — 
^mong  bench r  pilots  and  commerickl  scrubbers, 

A  technical  data  base  falling  somewhat  below 
the  ideal  may  be  adequate ^  to  the  extent  that  a 
good  empirical  knowledge  in  respect  to  (ci  may 
be  used  to      f set  some  ignorance  in  respect  to 
(a).     However^   (c)   is  a  sine  qua  nonr  and  the 
comparisons  of  commercial  experience  with^bepch 
and  pilot  units  should  cover  the  rangesof  ^ 
'  variables  important  for  meeting  the  desrtredf^ 
range  of  specific  local  and  regional  conditions. 

The ^discussion  to  follow  might  seem  to  imply 
criticism  of  some  industrial  operators  w^o  may 
not  have  sufficiently  appreciated  the 
experimental  nature  of  their  scrubbers.  The 
discussion  might  also  seem  to  imply  criticism  of, 
some  designers  who  may  not  have ' appreciated 
problems  that  now  seem  obvious.     Further »  the 
discussion  might  sometimes  seem  to  imply 
criticism  of  experimentalists,  whom  only  the 
^  naive  critic  might  expect  to  have  mounted  an 
earlier  attack  on  the  unobvious  problems  that 
are  only  now  coming  clearly  into  view.  No 
criticism  is  intended  here.     Hindsight  is  easy, 
and  the  questioning  of  motives,  cheap. 

Progress  in  a  complex  technological  art  is 
often  crabwise.    The  need  today  is  for  a  keener 
appreciation  of  the  difficulties  and  the  fastest 
possible  dissemination  of  information,  bad  as 
well  as  good.     Fortunately,  the  power  industry 
is  geared  for  rapid  exchange  of  information.  It 
is  accustomed  to  attacking  its  problems  through 
industrial  committees.    Historically,  it  found 
need  to  hire  relatively  few  chemical  engineers, 
and  so  it  has  been  far  better  prepared  for 
exchange  of  information  concerning  electrical  or 
Vierhanical  arts  than  chemical.    The  industry  has  • 
recently  begwi  to  hire  more  chemical  engineers, 
and  this  fact  along  with  the  advent  of  the 
Electric  Power  Research  institute  should  greatly 
improve  the  transfer  of  scr\ibbing  experience. 
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The  large  number  of  scrubbers  now  *on  order 
(see  Appendix  B)   is  often  cited  as  proof  of 
commerical .availability.     It  is  of  course  no 
such  thing  •    Th\eir  omers  must  regard  the  units 
as  experimental^  needing  to  be  staffed  in 
expectation  of  discoveries  and  of  need  for 
revision, 

In.view  of  the  record,  it  will  be  remarkable 
if  at  least  a  few  of  the  installations  do  not 
^  experience  serious  difficulties. 

The  record  also  justifies  an  optimistic  view 
of  the  future  of  scrubbing  technologies.  The 
issue  of  scrubber  availability  on  power  plants 
burning  high  sulfur  coals'  can  be  resolved  in  the 
%     near  future  by  a  program  of  experimentation  that 
can  now  be  specified  with  reasonable  confidence. 
There  is  a  reasonable  expectation  that  scrubbers 
will  become  available  for  routine  purchase  for  a 
wide  range  of  specific  conditions^  if  an 
analysis  of  cost  versus  benefit  shows  a  purchase 
to  be  justified. 

It  may  also  be  noted  that  both  lime  and 
liBiestone  scrubbers  appear  to  be  reliable*  for 
application  on  power  plants  burning  low-sulfur 
western  coals  (See  sections  2,12  and  3,10), 


2,0  LIME  SCRUBBING  FOR  MEDIUM  AND  HIGH  SULFUR  COAL 

^        The  chemistry  of  lime  scrubbing  is  too 
complex  (Hpllinden  1974,  Borgwardt  1974)  to 
summarize  briefly.     It  will  be  sufficient  here 
to  understand  that  the  alkalinity  needed  to  ^ 
scrub  sulfur  dioxide  from  the  flue  gas  stream  is 

, supplied  by  the  dissolving  of  calcium  sulfite 
particles  in  the  scrubbing  liquor  as  it  passes 
through  the  scrubber.    Although  the  solubility 
of  calcium  sulfite  in  water  is  relatively  small ^ 
the  liquor  is  unsaturated  in  respect  to  tldbs 
species.     As  the  calcium  sulfite  enters 
solution^  sulfite  ions  react  with  sulfur  dioxide 
to  form  bisulfite  ions: 

CaSO3-0.5  'H2O  =  Ca^^^  ^  SO^"^  +  0.5  H^O  (i) 
+  303"^  +  H2O  =  2  HS03"1  (2) 
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Removal  of  sulfite  ions  by  reaction  (2)  tends  to 
cause  additional  sulfite  ions  to  enter  the 
solution  by  reation   (1) ,  and  the  ions  further 
react  with  Sulfur  dioxide.     Typically,  about  3 
percent  of  the  entering  calcium  sulfite 
particles  migh*t  be  expected  to  dissolve  as  the 
liquor  flows  through  the  scrubber. 

The  spent  liquor  that  leaves  the  scrubber  is 
rich  in  bisulfite  ion^  and  is  conducted  to  a 
tank  where  it  is  mixed  with      slurry  of  lime.  / 
In  a  rapid  reaction,  bisulfite  ions  ip.  the 
liquor  are  neutralized  by  the  lime  t<p  form 
calcium  sulfite:  / 

Ca(0H)2  =  Ca"**2  +  2  OH"^  /     ^  ^' 

Ca***2  +  OH"^  +  HSO^""^  =  CaSO3-0.5  HjO  +  0.5 

The  calcium  sulfite  precipitates  to  form  small 
crystals  of  CaSo3*0.5  H20.     The  greater  part  of 
the  scrubbing  liquor,  carrying  a  burden  pf  these 
crystals,   is  returned  to  the  scrubber.     A  small 
part  is  sent  to  a  step  for  clarifying  the  liquor 
to  provide  a  concentrated  sludge  of  calcium^ 
sulfite  particles  for  discard.     The  clarifier 
returnes  a  clear  stream  to  the  scrubber. 

Early  problems  of  lime  scrubbing  relating  to 
corrosion  of  materials  of  construction  are  now 
largely  solved,  provided  the  process  is 
controlled  to  maintain  the  pH  of  the  scrubbing 
liquor  within  the  proper  range. 

Problems  of  formation  of  scale  and  deposits 
remain  a  major  concern  in  scrubbers  of  designs 
typical  of  most  existing  and  pending 
installations.     These  problems  are  related  to 
the  degree  of  oxidation  of  sulfite  to  sulfate  in 
the  scrubber,  a  subject  that  will  be  treated 
more  fully  below. 

Critical  points  are  the  passages  in  spray 
nozzles  'for  introducing  the  liquor  into  the 
scrubber  and  the  passages  in  the  mist  eliminator 
that  must  be  provijied  beyond  the  active 
scrubbing  zone  in  order  to  prevent  droplets  of 
scrubbing  liquor  from  leaving  the  system.  The 
danger  at  these  critical  points  is  that  tney 
will  become  plugged  by  either  soft  mud-like 
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deposits,  or  blocked  by  a  scale  consisting  of 
dense  crystalline  deposits  of  qypsum. # 

Essential  to  continous  operation  is  that  the 
passages  of  the  mist  eliminator  be  washed  to 
keep  them  clear.     Water  is  lost  from  the 
scrubbing  system  both  in  the  sludge*  waste  and  in 
the  form  of  water  vapor  in  the  stack  gas  that 
did  not  arise  from  combustion  of  hydrogen  in  the 
coal.     Relatively  small  amounts  of  fresh  water 
must  be  added  to  the  scrubber  system  to  make 
good  these  losses,  and  this  water  may  be  used  to 
wash  t^e  mist  eliminator.     Alternatively,  or  in 
addition,  the  passages  of  the  mist  eliniihator 
may  be  washed  with  some  of  the  clear  stream 
returned  to  the  ^^rr'ibber  from  the  clarifier.  If 
these  procedures  succeed,  it  is  possible  to 
operate  the  system  as  a  closed  loop.     If  the 
washing  procedures  do  not  succeed,  the  mist 
eliminator  must  either  be  cleaned  out 
periodically  during  a  shutdown  or  washed  with 
additional  fresh  water  to  keep  its  passages 
open.     Additional  fresh  water  would  force  the 
operation  to  discard  at  least  some  of  the  clear 
liquor  from  the  clarifier,  opening  the  water 
loop. 

Trouble  may  arise  from  deposits  of  both 
calcium  sulfite  and  calcium  sulfate: 

(1)  If  the  pH  of  the  scrubft^ng  licpor  is  too 
high,  because  lime  is  present  in  excess,  lime 
%d.ll  react  directly  with  sulfur  dioxide  and 
carbon  dioxide  in  the  flue  gas  undergoing 
treatment  to  form  a  hard  scale  consistfng  of 
calcium  sulfite  and  calcium  carbonate. 

(2)  Some  oxidation  of  sulfite  to  sulfate, 
both  within  the  scrubber  and  in  the  reaction 
tank,  appears  to  be  inevitable.     This  leads  to 
danger  of  precipitation  of  gypsum  crystals, 
CaSOfi- 2  H2,  from  the  solution. 

The  tendency  for  deposits  to  prove  trouble- 
some  is  greater  for  a  coal  of  higher  sulfur 
content,  that  leads  to  a  flue  gas  from  which 
more  sulfur  dioxide  must  be  removed. 

Until  a  little  more  than  1-1/2  years  ago,  it 
was  believed  that  a  lime  scrubber  in  the  closed 
loop  mode  inevitably  operated  wi^th  a  liquor  that 
was  supersaturated  in  respect  to  gypsum,  and 
that  successful  operation  depended  upon  keeping 
the  degree  of  supersaturation  below  a  critical 
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level  beyond  which  scaling  by  deposits  of  gypsum 
became  intolerable. 

It  is  now  recognized  that  a  lime  scrubber 
can  preferably  operate  with  a  liquor  that  ia 
unsaturated  in  respect  to  gypaxm,  thereby 
obviating  difficulties  from  deposits  of  this 
species  (Bor^wardt  1974) •     Indeed^  the  only 
recent  successful  operation  of  coounercial^scale 
scrubbers  on  medium  sulfur  coal  has  been  in  the 
unsaturated  mode  (see  sections  2.01  and  2.02 
below).    Accordingly,  the  discussion  which 
follows  concentrates  upon  operation  in  the 
unsaturated  mode.    Operation  in  the  saturated 
mode  will  be  considered  in  Section  2.14. 

Whether  or  not  a  given  scrubber  can  operate 
in  the  unsaturated  mode  depends  upon  the  degree 
of  oxidation  of  sulfite  to  sulfate  in  the 
scrxibber.     At  low  levels  of  oxidation,  the 
calcium  sulfate  in  the  solution,  although 
unsaturated  in  respect  to  gypsum,  nevertheless 
coprecipitates  with  the  calcium  sulfite  crystals 
that  form  in  the  reaction  tank.    The  crystals 
that  are  produced  have  the  geometry  of  crystals 
of  pure  CaSO3>0.5  H20,  but  contain  some  calcium 
Sulfate  as  if  it  were  in  a  "solid  solution" 
(Borgwardt  1974).    There  is  an  upper  limit  to 
the  concentration  of  the  coprecipitated  calcium 
sulfate  (to  be  discussed  below) .     If  the  degree 
of  oxidation  exceeds  this  upper  limit,  the 
solution  becomes  supersaturated  in  respect  to 
gypsum,  and  danger  from  d'eposits  of  this 
material  arises. 

Of  all  aspects  of  lime  scrubbing  chemistry, 
least  well  understood  are  the  factors  that  cau&le 
or  prevent  oxidation  of  sulfite  to  sulfate. 
Lowering  of  the  pH  of  the  scrubbing  liquor 
promotes  oxidation  by  increasing  the 
concentration  of  bisulfite  ions,  making  more  of 
these  ions  available  for  reaction  with  oxygen  in 
the  flue  gas.     A  greater  amount  of  excess  air, 
leading  to  higher  oxygen  level,  is  believed  to 
promote  oxidation.     Presence  of  fly  ash  is  known 
sometimes  to  promote  oxidation  (see  Section 
^.05),  and  it  is  reasonabl]^  to  expect  that  the 
effects  may  be  greater  for  some  ash  compositions 
than  for  others.     A  lengthening  of  residence 
time  of  liquor  in  the  reaction  tank  is  believed 
to  promote  oxidation  (Borgwardt  1974) .  Some 
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researchers  suspect  that  nitrogen  dioxide  in  the 
flue  gas  may  tend  to  oxidize  sulfite  to  sulfate^ 
and  that  a  flue  gas  with  an  unusually  high 
concentration  of  nitrogen  dioxide  may  cause 
difficulties  in  respect  to  oxidation  level 
(Rochelle  1975)  • 

An  aspect  of  scrubber  operation  that  emerges 
from  the  foregoing  discussion  is  that  control  of 
pH  is  important  for  success:  to  prevent  scaling 
by  coprecipitated  calcium  sulfite  and  calcium 
carbonate  when  pH  is  too  high,  and  to  prevent 
oxidation  of  sulfite  to  sulfate  when  pH  is  too 
low. 

control  of  pH  depends r  among  other  things, 
upon  providing  a  scrubber  that  effectively 
promotes  excellent  cind  uniforlni  contacting  of  all 
of  the  flue  gas  with  all  of  the  scrubbing 
liquor.     If  a  part  of  the  liquor,  for  example, 
sees  too  much  flue  gas,  its  pH  will  drop  too. 
low-     In  a  scrubber  of  poor  design,  with 
maldistributed  gas  and  liquor  flows,  the 
operator  yill  tend  to  run  at  higher  liquor  rate 
in  an  effort  to  assure  that  all  of  the  flue  gas 
__sefes  an  adequate  amount  of  liquor. 
V,.  In  equipment*  of  the  general  types 
exemplified  by  the  scrubber  and  reaction  tank, 
chemical  engineers  are  not  surprised  to  see 
poorer  contacting  in  equipment  of  larger  size. 
Often,  much  of  the  development  task  involves 
learning  how  to  live  with  a  deterioration  in 
contacting  efficiency  that  has  accompanied 
scale-up.     It  will  be  important  to  bear  this  in 
mind  in  considering  differences  between  bench, 
pilot,  and  commercial  scrubbers.  ^ 

Presence  of  magnesium  ions  can  help  the 
performance  of  a  ^lime  scrubber   (Borcfwardt  1974). 
The  amount  of  calcipm  sulfate  that  can  be  purged 
in  the  solids  without  suptorsaturation  is 
increased.     The  solubility  of  calcium  sulfate  is 
enhanced,  reducing  risk  of  scaling.  The 
solubility  of  calcium  sulfite  is  also  increased, 
tending  to  promote  greater  efficiency  of  sulfur 
dioxide  removal,  but  also  creating  a  higher 
level  of  sulfite  ions  in  the  liquor,  a  factor 
tending  to  promote  oxidation. 

It  is  probable  that  sodium  ions  would  affect 
performance  in  similar  ways  (Weir  1975). 
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some  workers  have  appreciated  these  effects 
for  a  number  of  years:  for  example ,  the 
Tennessee  Valley  Authority  experimented  with 
additions  of  magnesium  several  years  ago^  and 
both  Kellogg  and  Dravo  have  promoted  use  of 

magnesium.     It  appears^  however,  that  an 
appreciation  of  the  potential  os  such  additions 
has  become  general  only  recently  2.     There  may 
have  been  some  resistance  to  the  idea  because 
presence  of  magnesium  puts  a  greater  premium 
upon  maintaining  a  strict  closure  of  the  water 
loop,  in  order  to  prevent  all  possibility  that 
substantial  amounts  of  water  containing 
magnesium  sulfate  in  solution  will  be 
discharged. 

Also,  i^  has  become  generally  appreciated 
only  recently  that  presence  of  chloride  ions  can 
make  it  more  difficult  to  operate  with  a  liquor 
unsaturated  in  respect  to  gypsum  (Borgwardt 
197U)  . 

(1)  The  solubility  of  calcium  sulfate  is 

less  at  high  chloride  ion  levels, 
increasing  danger  from  deposits  of 
gypsum. 

(2)  In  presence  of  chloride  ions,  less 
calcium  sulfate  can  coprecipitate  with 
CaS03-0.5  H20.     This  lowers  the  degree 
of  oxidation  of  sulfite  to  sulfate  that 
is  allowable  before  the  liquor  becomes 
supersaturated  toward  gypsum. 

(3)  Chloride  ions  cause  a  greater  drop  to 
occur  in  pH  of  liquor  flowing  through 
the  scrubber.     This  is  apparently  the 
result  of  a  lowered  solubility  of  ' 
calcium  sulfite,  whose  dissolution  is 
important' to  the  capability  of  the 
liquor  to  absorb  sulfur  dioxide.     As  a 
result  of  this  effect,  it  is  advisable 
to  operate  with  a  greater  rate  of  flow 
of  scrubbing  liquor  if  chloride  ions 
are  present  (Borgwardt  1974) . 

The  harmful  effect  of  chloride  ions  can  be 
olfset  by  addition  of  magnesium,  which 
suppresses  calcium  ion,  so  that  the  chloride 
ions  are  in  effect  tied  up  with  magnesium  rather 
than  calcium.     In  addition,  as  noted  above, 
magnesium  ions  enhance  the  amount  of  calcium 
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sulfate  that  may  coprecipitate  with  calcium 
sulfite. 

For  a  solution  that  is  low  in  both  chloride 
and  magnesium  ions,  the  limiting  amount  of 
calcium  sulfate  that  can  coprecipitate  with 
calcium  sulfite  is  about  18  percent.  Laboratory 
data  (Borqwardt  1974)   suggest  that  the  limiting 
amount  is  primarily  a  function  of  the  activity 
of  sulfate  ion  in  the  solution.    This  decreases 
with  increase  of  chloride  ion,  and  increases 
with  increase  of  magnesium  ion.    A  coprecipitate 
containing  a^  much  as  30  percent  sulfate  has 
been  observed  for  a  laboratory  lime  scrubber 
(Borgwardt  197a)     although  at  such  a  high  level 
of  magnesium  ion  as  to  make  the  sustaining  of 
the  operation  in  the  closed  loop  mode  almost 
imperative. 

It  follows  from  effect  (3)  above  that  a 
scrubber  design  of  marginal  contacting 
efficiency,  that  might  be  adequate  for  a  liquor 
low  in  chloride  ion  content,  may  lead  t3^>^rouble 
at  a  high  chloride  fon  level,  because  ^-n,^ 
maldistribution  of  gas  and  liquor  flows  coula 
lead  to  a  region  of  excessively  low  pH,  where 
the  local  flow  of  flue  gas  exceeds  the  / 
capability  of  the  local  flow  of  liquor  to  rehove 
all  of  the  sulfuu:  dioxide  in  the  gas. 

The  Tennessee  Valley  Authority  has  measured 
hydrogen  chloride  content  of  flue  gas  from  a 
wid^  variety  of  the  coals  that  TVA  burns,  to 
find  that  most  of  its  coals  produce  a  flue  gas 
containing  in  the  vicinity  of  50  to  75  ppm  of 
BC1   (Hollinden  1975) .    This  concentration  of  HC1 
would  correspond,  very  roughly,  to  about  0.6  to 
0.9  percent  chlorine  in  the  coal.     Such  a 
chlorine  content  would  not  ordinarily  be 
considered  to  be  particularly  troublesome  from 
standpoint  of  boiler  fouling  and  corrosion,  and 
generally  speaking,  the  fuels  technologist  would 
term  the  TVA  coals  to  be  low  in  chlorine.  Some 
"high  chlorine"  coals,  in  the  usual  meaning  of 
this  expression,  occur  in  ](^llinois,  where 
chlorine  contents  as  high  as  0.65  percent  are 
known  (Simon  1975).     Analysis  of  82  coals  of  the 
Illinois  Basin  (Illinois,  Indiana,  and  Western 
Kentucky)  gave  values  distributed  as  follows 
(Ruch  et  al.  1974)  ; 

19  coals  between  0.,00  and  0.2  percent  chlori 
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13  0,03     -  0,05X 

8  0,06  -  0,11X 
22  0.12  -  0.23X 
11  0.24    -  0.35X 

9  coalQ  greater  than  0.36  percent  chlorine 
Analysis  of  9  coals  from  Ohio,  Pennsylvania,  and 
West  Virginia  gave  2,  3,  3,  0,  ^,  and  0  coals  in 
the  respective  categories  listed  above. 

Ml  HC1  present  in  flue  gas  entering  a  lime 
scrubber  is  absorbed  (an  advantage  of  the 
process) ,  in  general  with  formation  of  calcium 
chloride.    This  salt  is  highly  soluble  in  water. 
Although  it  is  believed  that  up  to  about  one- 
half  of  the  chloride  present  in  a  lime  scrubbing 
liquor  can  coprecipitate  with  calcium  sulfite 
(Borgwardt  1975) g  much  of  the  chloride  ion  can 
leave  the  system  only  in  water  solution,  either 
in  water  that  accompanies  the  waste  sludge,  or 
in  an  undesirable  water  discard  to  the 
environment.    The  level  to  which  the  chloride 
ion  concentration  builds  in  the  scrubbing 
liquor,  before  input  of  HC1  balances  the 
discharge  of  chloride  salts,  is  greatest  for 
closed  loop  operation.     Since  the  cjuantity  of 
water  discheurged  in  the  sludge  depends  directly 
upon  the  quantity  of  sludge,  the  chloride  ion 
level  is  inversely  proportional  to  the  sulfur 
content  of  the  coal.    If  the  scrubber  handles 
fly  ash,  the  quantity  of  sludge  will  be  greater 
and  the  chloride  levle  of  the  liquor  will  be 
lower. 

Before  considering  experience  gained  in  the 
several  lime  scrubbers  now  in  operation,  it  is 
impor^^ant  to  recall  that  the  chemistry  of  the^ 
operation  is  more  complex  than  their  brief 
review  might  make  it  appear,     it  is  also 
sobering  to  remember  that  much  of  the  chemistry 
became  generally  recognized  only  in  November  of 
1974,  and  even  now  this  knowledge  does  not 
appear  ^o  be  widely - disseminated,  even  among 
operators  of  lime  scrubbing  equipment. 


2.01  Paddys  Run 

A  liihe^^crubbing  system  (Louisville  Gas  & 
Electric "s  Paddys  Run  Station)   has  been 
demonstrated  to  be  reliable  in  intermittent 
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service  on  a  65-megawatt  peaking  unit  fired  with 
a  coal  of  3  to  3.5  percent  sulfur •    The  level  of 
Sulfur  dioxide  in  the  flue  gas  io^  about  1800  to 
2000  ppm^,  reflecting  a  greater  than  usual  degree 
of  excess  air^  viz.^  about  80  percent  excess  air 
in  contrast  to  the  usual  20  to  30  percent. 
Accordingly r  the  scrubber  operation  is  best  re- 
garded as  simulating  the  cleaning  of  gas  from 
combustion  of  coal  of  roughly  2  to  2.5  percent 
sulfur  in  a  100-MW  unit. 

The  operation  is  unusual  in  two  respects: 

(1)  The  coal  is  low  in  chlorine  content, 
about  0.03  to  0.04  percent.  Chloride 
ion  concentration  in  the  scrubbing 
liquor  runs  between  about  300  and  500 
ppm,  with  a  highest  me^asured  value  of 
600  ppm. 

(2)  The  lime  is  a  waste  carbide  lime  sludge 
accumulated  from  manufacture  of 
acetylene.  .  ^ 

The  operators  believe  the  unit  t<i  function 
without  discharges  of  salty  water  to  tphe 
environment   (i.e.,  closed  loop).     Residence  time 
of  liquor  in  the  reaction  tank  is  about  25 
minutes. 

The  system  receives  flue  gas  from  an 
electrostatic  precipitator  of  about  95  percent 
efficiency,  fly  ash  enters  the  system  at  a 
loading  between  about  0.2  and  0.4  grains  per 
standard  cubic  foot. 

Turndown  of  the  unit  is  accomplished  by 
reducing  both  liquor  flow  and  gas  speed, 
although  when  the  load  drops  below  about  80 
percent  of  capacity,  flue  gas  is  recirculated  to 
maintain  gas  velocity.     During  a  period  of  45 
days  of  service,  the  operation  was  typically  at 
55  to  70-MW  in  the  day,  about  30  to  35  at  night, 
and  about  3-MW  over  the  weekend. 

The  degree  of  oxidation  is  only  about  1.5  to 
3  percent,  the  lowest  value  reported  for  any 
lime  scrubber,  in  spite  of  the  large  amount  of 
excess  air.     The  system  operates  with  liquor 
less  than  50  percent  of  saturation  in  respect  to 
calcium  sulfate,  this  species  being 
coprecipitated  with  calcium  sulfite. 

A  first  set  of  bench^-scale  tests  by 
Combustion  Engineering  with  use  of  the  carbide 
lime  in  a  small  scrubber  suggested  that  the  lime 
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contained  an  pxidation  inhibitor,  but  later 
tests  failed  to  confirm  this  finding  (Martin  et 
al,  197a), 

The  operator  believes  that  the  low  oxidation 
experienced  in  this  unit  may  be  a  result  of  a 
relatively  short  time  during  which  the  flue  gas 
resnains  in  contact  with  scrubl^ing  liquor, 

s 

2,02  Mitsui  Miike  Industrial  Boiler 

A  second  lime  scrubbing  system  (a  Mitsui 
Miike  Industrial  boiler  in  Japan,  discharging 
combustion  products  roughly  equivalent  to  a  160^ 
MW  utility  boiler)   has  also  operated  succes- 
sfully, and  in  continuous  service. 

By  an  unfortunate  coincidence,  this  system, 
too,  is  unusual  in  exactly  the  same  two  respects 
noted  for  the  Paddys  Run  system  above. 

The  unit  operates  steadily,  and  its 
operators  have  not  had  the  problem  of  following 
changes  in  load. 

Water  management  is  such  as  to  guarantee 
discharges  of  water  to  the  environment  from  time 
to  time,  thereby  rendetitig  the  operation  open 
loop.     Many  visitors  to  the  unit  have  now  seen 
water  overflowing  from  the  sludge  pond  during 
rainfall. 

The  oxidation  level  is  10  percent,  the 
sludge  containing  10  percent  calcium  sulfate 
coprecipitated  with  calcium  sulfite.     The  liquor 
is  probably  unsaturated  in  respect  to  gypsum. 


2,03    Phillips  Station 

A  lime  scrubbing  system  (Duquesne  Light's 
Phillips  Station)   operating  on  a  part  of  a  387- 
MW  station's  stack  gas  is  still  in  trouble. 
Mechanical  problems  appear  to  be  comirjg  under 
control,  but  process  control  of  the  pH  of  the 
scrubbing  liquor  is  poor.     The  pH  varies  with 
load  on  the  station,  tending  to  fall  at  high 
iclue  gas  throughout.    The  capability  to  supply 
lime  is  not  adequate,  and  pH  control  is  poor 
lacking  automatic  features  and  timely  response 
The  operators  believe  that  the  chloride  ion 
content  of  the  liquor  would  be  beyond  1100  ppm 
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if  the  operation  were  closed  loop,  but  recent 
operation  has  been  at  around  aoo  to  600  ppm, 
reflecting  the  extent  to  which  the  operation  is 
taking  in  and  discharging  extra  water.     The  need 
for  the  extra  fresh  water  reflects  in  large  part 
the  need  to  use  fresh  v;ater  to  wash  mist 
eliMnators  and  induced-draft  fans,  as  well  as 
to  reduce  deposits  in  other  parts  of  the 
equipment.     The  operators  in  the  past  have 
expected  to  shut  down  and  enter  the  equipment 
for  cleaning  about  once  or  twice  a  month,  and 
there  have  also  been  forced  shutdowns  due  to 
plugging  of  the  demisters  and  bleed  lines,  as 
well  as  to  accumulation  of  deposits  at  dampers. 
It  is  possible  that  performance  of  the  unit 
could  be  greatly  improved  by  better  pH  control. 
Tests  with  a  lime  high  in  magnesium  showed 
better  sulfur  dioxide  removal. 


2.04     EPA«s  10-MW  Pilot  Lime  Scrubber 

Operation  in  the  unsaturated  ^ode  has  been 
observed  in  EPA«s  10-MW  pilot  scale  time 
scrubbing  system   (at  TVA'S  Shawnee  Station)  for 
392  hours  with  a  closed  water  loop  (Princiotta 
1975).     Chloride  ion  was  2000  to  3000  ppm  during 
the  latter  two-thirds^  of  the  run,  while 
magnesium  ion  was  about  3000  ppm.  Oxidations 
ranged  from  15  to  28  percent, ^and  the  liquor  was 
45  percent  saturated.     The  liquid-to-gas  ratio, 
L/G,  was  90.      (L/G  is  expressed  in  terms  of 
gallons  per  minute  of  liquor  supplied  to  the 
scrubber  per  one  thousand  actual  cubic  feet  per 
minute  of  stack  gas  treated  by  the  scrubber.) 
This  is  a  much  higher  liquor  rate  than  that  used 
in  the  Paddys  Run  scrubber,  where  L/G  is  between 
32  and  40.     The  EPA  pilot  scrubber  takes  gas 
upst^ream  of  the  Shawnee  station  precipitator, 
the  gas  containing  about  3  grains  of  fly  ash  per 
cubic  foot. 

The  10-MW  scrubber  has  always  operated 
steadily,  and  has  not  been  subjected  to  an 
experiment  simulating  the  following  of  load 
variations  that  might  typically  be  expected  in 
operation  of  a  commercial  utility  boiler  /Moore 
1975).  * 
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The  run  in  the  unsaturated  mode  was  ^shut  ^ 
down  voluntarily,  but  scale  had  formed  on  the 
mist  eliminator  early  in  the  run.     This  has 
chronically  given  trouble  in  the  10-MW 
operation,  scaling  having  appeared  even  in 
trials  of  fresh  water  for  washing  the  mist 
eliminator-     The  original  design  of  the  mist 
eliminator  appears  to  have  provided  a  sort  of 
"mini-scrubber",  where  residual  sulfur  dioxide 
in  the  flue  gas  can  react  with  calcium  ifens  ir^ 
the  wash  liquor  to  produce  dense  gypsum  scal-e- 
After  the  shutdown  of  the  ru£i  in  the  unsaturated 
mode,  emphasis  of  the  work  returned  to  attempts 
to  solve  the  problem  of  the  mist  eli?nirf^or  in 
tests  conducted  in  the  supersaturated  mode-  A 
new  mist  eliminator  of  design  similar  to  that 
ust^  at  Paddys  Run  was  installed,  but  this  also 
scaled,  and  has  now  been  removed-  ' 

l€Nshould  be  noted  that  even  a  base-loaded  • 
commercial  operation  might  be  willing  to  shut 
down  to  clean  out  mist  eliminators  every  few 
months-     However,  a  non-scaJLing  design  is 
greatly  to  be  desired- 

t> 

2-05    TVA^s  1-MW  Bench  Lime  Scrubber 

The  Tennessee  Valley  Authority  has  a  1-MW 
bench  scale  scrubber  at  TVA's  Colbert  Station 
that  is  normally  used  for,  test  operations 
looking  toward  design  of  the  limestone  scrubber 
for  TVA's  Widows  Creejc  Station-     The  1-MW 
scrubber  was  operated  continuously  for  a  month 
as  a  lime  scrubber  wfell  in  the  unsaturated  mode 
(Hollinden  1975) -     Flue  gas  was  supplied  to  the 
scrubber  from  a  point  downstream  from  the 
electrostatia  precipitator  of  the  coal-fired 
Colbert  Station-     The  flue  gas  averaged  0-022 
grains  per  standard  cubic  foot  and  2430  ppm 
sulfur  dioxide-     The  operation  was  effectively 
closed  loop  in  respect  to  build-up  of  chloride 
and  magnesium  ion  levels,  which  regi  about  5000 
ppm  and  2300  ppm  respectively-      (The  mist  v 
eliminator  of  this  scrubber  is  arranged  so  that 
it  can  be  washed  with  fresh  water  that  does  not 
combine  with  the  primary  flow  of  scrubbing 
liquor-     During  the  first  two  of  three  months  of 
lime  operation,  the  wash  water  was  discarded;  ^ 
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during  the  final  month,  the  vash  system  operated 
with  a  closed  water  loop.)  The  test  was  intended 
to  simulate  opertion  of  the  Paddys  Run  system, 
insof^  as  possible.    However,  in  addition  to 
the  higher  levels  of  chloride  and  magnesium 
ions,  L/G  was  60  versus  32  to  40  at  Paddys  Run. 

.Also,  the  Colbert  station  operates  at  far  less 
excess  air/   Oxidation  level  was  5  to  7  percent, 
appreciably  higher  than  at  Paddys  Run.  since 
both  chloride  and  magnesium  ions  tend  to  promote 
oxidation,  not  much  can  be  said  concerning  the 
comparison  of  the  oxidation  levels  in  the  l-MW 

*  bench  scale  scrubber  and  at  Paddys  Run. 
Approach  to  saturation  was  20  to  30  percent. 

The  lime  scrubbing  operation  was  continued 
in  the  1-MW  unit  for  a  second  and  third  month 
with  flue  gas  supplied  from  a  point  upstream  of , 
the  precipitator.     Fly  ash  in  gas  entering  the  * 
scrubber  averaged  4  grains  per  standard  cubic 
foot.    The  oxidation  level  rose  to  10  to  12 
percent, , with  two  peaks  as  high  as  17  percent. 
Approach  to  saturation  rose  to  60  to  90  percent. 
Because  of  the  greater  amount  of  sludge, 
chloride  ion  and  magnesium  ion  levels  fell  to 
abotit  UOOO  and  1500  ppm  respectively.  Reaction 
tank  residence  time  was  18  minutes  early  in  the 
run,  and  was  reduced  to  5  qiinutes  with  no 
deterioration  ir\  performance, 

1*he  unit  was  not  subjected  to  a  test  simu- 
lating  loajd  variation  during  the  lime  run. 


2.06.   EPA«s  0.1-MW  Bench  Lime  Scrubber 

EPA»s  0.1-MW  oil-fired  bench  scale  lime 
scrubbing  system   (300  ft^/min)   at  Research 
Triangle  Park  has  recently  provided  valuable  new 
chemical  information,  that  has  cast  light  upon 
the  operation  in  the  unsaturatecl  mode  that 
characterizes  the  successful  scrubbing  system 
cit^d  in  2.01  above,  and  probably  also  the 
system  cited  in  2. 02- (Borgwardt  1974).  Broadly, 
results  from  the  bench  scale  scriibber  may  be 
summarized  as  follows: 

(1)     A  test  simulating  the  operation 

conditions  in  the  Paddys  Run  system 
provided  an  oxidation  level  of  4 
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percent,  only  a  little  higher  than  that 
experienced  in  the  larger  unit.  The 
liquor  was  at  30  percent  of  saturation 
in  respect  to  gypsum.     The  test 
differed  from  Paddys  Run  in  several 
respects: 

(a)  Ordinary  lime  was  used  instead  of 
carbide  lime. 

(b)  The  liquor-to-gas  ratio,  L/G,  was 
50  versus  32  to  40  at  Paddys  Run. 
The  higher  L/G  would  be  expected 
to  hold  down  oxidation. 

(c)  The  residence  time  of  liquor  in 
thesreaction  tank  was  2  minutes 
versti^s  25  minutes  at  Paddys  Run. 
The  shorter  residence  time  would 
b^^^pected  to  tend  to  hold  down 

/-'"^cidation. 
(dy     The  excess  air  was  appreciably 
less,  so  that  the  gas  to  be 
scrubbed  contained  about  4.5 
perqejctt  oxygen  versus  typically  9 
percent  at  Paddys  Run. 

Most  of  the  remaining  test  data, 
usually  obtained  in  5-day  runs^  were  at 
an  L/G  of  77 ^  roughly  double  that  at 
Paddys  Run. 

Tests  at  low  level  of  chloride  ion 
(between  600  ppm)   were  in  the 
unsaturated  mode   (between  50  and  70 
percent  of  saturation) .     Runs  with  high 
magnesium  ion  (about  1000  ppm)  tended 
to  be  higher  in  oxidation  but  no  higher 
in  degree  of  saturation. 

Most  tests  at  low  levels  of  magnesium 
ion  and  at  3000  to  8300  ppm  of  chloride 
ion  were  substantially  at  the 
borderline  between  the  unsaturated  mode 
and  supersaturation.     Most  oxidation 
levels  were  markedly  higher,  between  7 
and  18  percent. 

Tests  at  chloride  ion  levels  between 
2400  and  5100  ppm  and  at  magnesium  ion 
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levels  of  about  1100  ppm  were  in  the 
unsatuirated  mode  (67  to  85  percent)  . 

Oxidation  levels  tended  to  scatter,  and  replica- 
tion of  oxidation  levels  in  similar  runs 
appeared  to  be\ difficult.     The  oxidation  levels 
Gould  not  be  t:4adily  interpreted  in  terms  of  the 
relevant  variables  thought  to  affect  oxidation. 
NO  general  correlation  of  oxidation  with  these 
variables  has  yet  emerged  from  the  work. 

Some  testp  were  made  with  carbide  lime 
instead  of  ordinary  lime,  and  some  tests  were 
made  with  addition  of  coal  fly  ash  to  the 
reaction  tank  along  with  the  lime.  (Most 
workfers  would  regard  adding  fly  ash  to  the 
reaction  tank  to  provide  a  less  satisfactory 
test  of  the  effect  of  fly  ash  than  taking  flue 
gas  from  a  point  upstream  from  an  electrostatic 
precipitator  of  a  coal-fired  boiler,  because  of 
the  possibility  that  "young"  fly  ash  has 
properties  not  preserved  during  storage.)  The 
operators  believed   (Borgwardt  1974)   that  these 
factors  did  not  affect  oxidation  level,  but  the 
unexplained  scatter  in  oxidation  values  from  all 
of  the  runs  renders  this  judgment  tentative. 

Although  the  work  has  cast  new  light  upon 
lime  scrubber  chemistry,  it  is  hard  to  escape  ^ 
the  impression  that  much  work  remains  before  the 
chemistry  is  well  understood.     This  is  not  to 
depreciate  the  value  of  the  new  information, 
especially  in  allowing  a  better  understanding  of 
the  troubles  that  scrubbers  have  experienced. 


2.0  7    conclusion  itor  Medium  Sulfur  Coal 
of  Low  chlorine  content 

In  light  of  the  above  facts,  the  probability 
would  appear  to  be  greater  than  90  percent  that 
a  lime  scrubbing  unit  could  be  ordered  with  a 
reasonable  prospect  for  reliable  performance  in 
a  closed  loop  unsaturated  mode  for  use  in  a  . 
power  plant  burning  a  medium  sulfur  coal   (1  td^  3 
percent  sulfur)  where  the  chlorine  content  is 
below  about  O.oa  percent.     The  design  should 
provide  an  electrostatic  precipitator  for 
removal  of  fly  ash  at  high  efficiency, 
preferably  beyond  99  percent,     a  prudent  design 
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would  provide  the  possibility  of  operating  at  an 
L/G  least  as  high  as  11* 

The  probability  for  this  prpspect  would  be 
enhanced  (to  around  99  percent^  say)   if  the 
Paddys  Run  unit  were  operated  successfully  with 
ordinary  lime  instead  of  carbide  lime  to  provide 
assurance  that  Paddys  Run's  success  has  not^ 
depended  upon  soisie  unknown  factor  peculiar  tb 
carbid^^ime, 

2.08    Conclusion  for  Scrubbing  without 
Electrostatic  Precipitator 

The  chemical  knowledge  base  is  not  yet 
adequate  to  permit  confident  design  of^a 
commercial  lime  scrubber  for  a  coal  of  medium  (1 
to  3  percent)   or  high  (beyond  3  percent)  sulfur 
c  nteat  without,  provision  of  an  electrostatic 
\   ecipitator.     Fly  ash  has  been^convincingly 
demonstrated  to  promote  oxidation  in  the  1-MW 
Colbert  Station  scrubber.     Some  workers  suspect 
that  the  fly  ash  of  some  coals  may  contain  metal 
species  that  are  catalytic- toward  oxidation  of 
sulfite  to  sulfate>  and  this  is  a  reasonable 
suspicion.     It  is  plausible  that  the  catalytic 
activity  might  be  a  function  of  the  "freshness" 
of  the  fly  ash.     Much  more  research  in  respect 
to  these  possibilities  would  seem  to  be  ^ 
required.  ^ 


2.09    Conclusion  in  Respect  to 
Chemical  Knowledge  Base 

The  chemical  knowledge  base  is  not  yet 
adequate  to  permit  confident  design  of  a 
commercial  lime  scrubber  for  a  coal  of  medium  or 
high  sulfur  content  at  a  chlorine  level  beyond 
about  0.04  percent.     No  generalized  correlation 
of  oxidation  is  yet  available  in  respect  to  the 
relevant  scrubber  variables: 

Inlet  sulfur  dioxide  level 
Degree  of  excess  air 
Overall  efficiency  of  the  scrubber 
Dispersion  of  efficiencies  for  local  regions 
of  the  scrubber,  created  by  less  than 
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perfect  distribution  of  gas  and  liquor 
flows 

Ratio  of  liquor  to  gas  rate  (L/G) 
Chloride  ion  concentration  in  liquor 
Magnesium  ion  concentration 
Time  of  contact  of  scrubbing  liquor  with 

flue  gas 
Reaction  tank  residence  time 
Presence  or  absence  of  fly  ash 
Kind  of  fly  ash 

One  cannot  even  be  certain  that  this  list  of 
variables  is  complete.     Is  nitrogen  oxide  level 
in  the  flue  gas  important?     Is  the  level  of  iron 
ions  in  the  scrubbing  liquor  important?  The 
effects  of  the  variables  known  to  be  important 
are  understood  only  qualitatively. 

The  known  or  suspected  interactions  among 
the  variables  are  such  that  the  chemical 
knowledge  base  would  have  to  be  very  good  indeed 
in  absence  of  strong  assurance,  provided  by  a 
relatively  large  number  of  comparisons  of^' 
performance  among  bench,  pilot,  and  commercial 
scale  scrubbers,  that  performance  of  the  latter 
can  be  expected  to  duplicate  per^rmance  of  the 
former  with  high  probability, 

2,10    Conclusion  in  Riespect  to 
Adequacy  of  Performance  Comparisons 

The  comparisons  between  bench  scale 
scrubbers  at  0, 1-MW  and  1-M^|  the  pilot  scale 
scrubber  s^p  10-MW,  and  Paddys  Run  are 
in^uff icii^iiitly  exact  to  provide  a  basis  for 
confident  design,  even  if  the  chemical  knowledge 
base  were  adequate. 

Table  11-3  suiraftarizes  performance  comparisons 
for  scrubbers  treating  flue  gas  from  coal 
combustion.     The  higher  L/G  that  was  apparently 
required  for  the  spray  tower  of  the   10-MW  EPA 
scrubber  may  reflect  this  unit's  poorer 
distribution  of  gas  and  liquor  flows  through  its 
contacting  region. 

Although  the  oil-fired  0,1-*MW  bench  unit  at 
Research  Triangle  Park  observed  an  oxidation 
level  of  only  4  percent  in  one  five-day  test 
simulating  Paddys  Run  conditions,  the  scatter  in 
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TABLE  11-3 

Conpanoono  among  Bench,  Pilot,  and  Commercial  Lime  Scrubboro 

Oporatinq  in  Cloood  Loop,   Unoaturatod  Mode  on  Flue  Gao  from  Coal-Firod  Boiloro 


Paddy ' 0 
Uun 

Scrubber 
at  Shawnee 

TVA  Scrubber 

at  Colbert  Station 

Scrubber  typo 
Kind  of  limo 

Carbide 

T,C,A,*  

Sx  zo 
Fly  aah 

preoont  or  not 

100-MW 
oqulva lent 

No'  • 

1 0  -r-m 

YOO 

No* 

1-MW  

Yeo 

Length  of  run 

^''j  dayo 

17  dayu 

30  dayo 

60  days 

Load  following 

Yon 

No 

No 

No 

L/G  (gpm/Macfra) 

32   to  40 

90 

60 

60 

Chloride,  ppm 

300   to  500 

2000 
to  3000 

5000 

T 

4000 

Magaooium,  ppra 

low 

3000 

2  300 

1500 

Oxygon  in  fi  ^ 

91 

Rcoidence  time  of 
liquor   in  rtiactKjn 
tank,  minutoa 

2'> 

10 

18 

5  to  la 

Oxidation  of  uul~ 
fite  to  nulfatc 


l.^j   t  (; 


3   to  7* 


10   to  12% 


Degree  of  satura- 
tion in  reapect 
to  gypnum 


60   to  90* 


•"Turbulent  Contact  Abfjorbor",    in  which  mobile,   hollow  polyethylene 
ophoroa  are  retained  by  horizontal  gridn. 

'•Precipitator  at  95%  efficiency. 

••Precipitator  at  99%  efficiency. 
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oxidation  results  on  the  O-I-MW  unit  greatly 
reduces  the  significance  of  this  comparison. 

The  low  oxidation  level  at  Paddys  Run 
remains^  in  the  eyes  of  uiost  workers  in  the 
field,  an  unresolved  mystery. 


2.  I'D     Conclusion  in  Respect  to  Confidence 
in  Early  Resolution  of  Question  of 
Availability  of  Lime  Scrubbers 

In  spite  of  the  reservations  stated  in  2.09 
and  2. 10,  the  comparisons  of  Table  11-3  as  well 
as  the  recent  advance  in  chemical  understanding 
warrant  considerable  confidence  that  a  well- 
planned  program,  put  into  effect  promptly^  could 
provide  a  sufficient  nuBiber  of  performance 
comparisons  as  well  as  a  marked  improvement  in 
chemical  knowledge. 

It  is  possible  to  be  reasonably  confident  that 
the  program  can  resolve  the  question  of^availa- 
bility  of  lime  scrubbers  for  wide  application  in 
the  affirmative. 

Without  an  intent  to  specify  a  program,  and 
purely  by  way  of  illustration,  it  might  be 
suggested  that  a  program  could  include: 

Statistically  planned  experiments  in 
bench  scale  scrubbers  to  obtain  a 
better  understanding  of  the  effects  of 
variables  listed  in  2.09  on  oxidation 
and  upon  approach  to  saturation.  Such 
experiments  could  include  studies  of 
effects  of  carbide  lime  and  addition  of 
fly  ash   (preferably  by  taking  gas  from 
a  coal-fired  power  station  ahead  of  a 
precipitator) • 

similar  experiments  in  10-MW  pilot 
scale  scrubbers,  that  might  reasonably 
be  less  extensive  in  covering  the  range 
of  variables,  if  work  under  (1) 
provides' adequate  direction.  The 
experiments  should  include  simulations 
of  load  following.     The  present  apA  10- 
MW  lime  scrubber  at  Shawnee,  a  venturi 
followed  by  a  spray  tower,  does  not 
provide  much  built-in  positive  control 
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(1) 


(2) 
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over  distribution  of  liquor  and  gas 
flows  to  asoure  that  the  rates  of  both 
of  these  flows  are  well  matched  in  each 
small  zone  of  the  scrubbing  equipment. 
It  is  tempting  to  associate  the 
relatively  high  rate  of  oxidation  in 
the  recent  experiement  in  the 
unsaturated  mode  (15  to  28  percent) 
with  the  scrubber  design,  and  one  might 
wish  to  see  data  for  lime  scrubbing  at 
the  10-MW  scale  in  a  design  that 
provides  trays  or  grids #  with  or 
without  packing.     Resolution  of  the 
problem  of  the  mist  eliminator  scaling 
is  an  urgent  matter, 

(3)     As  insurance  against  the  possibility 
that  factors  affecting  oxidation  may 
remain  obscure,  it  might  be  advisable 
to  establish  a  pilot  scale  scrubber 
(larger  than  10-MW)  with  its  own 
captive  coal-'burning  equipment.  Such 
an  installation  could  be  used  for  pilot 
scale  tests  on  a  variety  of  coals,  and 
especially  on  a  specific  coal  projected 
for  use  with  a  specific  proposed 
cormnercial  scrubber, 

(U)     'in  interests  of  speed,  an  alternative 
would  be  to  supply  flue  gas  to  a  pilot 
scale  scrubber  from  a  boiler  fitted 
with  a  precipitator  working  at  high 
efficiency,  and  then  to  spike  the  flue 
gas  with  HCl  and/or  fly  ash  from  coal 
intended  for  a  specific  prepensed 
commercial  scrubber. 

(5)     consideration  might  be  given  to  trails 
at  Paddys  Run  with  spiking  of  flue  gas 
with  HCl  and/or  fly  ash  from  other 
power  siiations.     Such  tests  should  bear 
in  mind  that  the  L/G  at  Paddys  Run  are 
markedly  lower  than  the  L/G«s  of  the 
bench  scale  scrubbers,  and  it  might  be 
found  necessary  to  increase  the  L/G  at 
Paddys  Run,  if  this  should  be  possible. 
Trie  trials  should  include  load 
following.     If  magnesium  is  added  to 
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offset  the  adverse  effects  of  chloride 
ion,  the  operation  should  continue  long 
enough  to  provide  a  realistic 
assessment  of  the  problems  of  operating 
with  a  strictly  closed  water  loop  at 
high  levels  of  chloride  and  magnesimn 
ions. 

(6)  ^  Since  the  Phillips  Station  scrubber 

(see  2.03)  will  operate  in  any  event, 
consideration  might  be  given  to  a  study 
looking  toward  its  revision  for  an 
attempt  to  operate  in  the  closed  loop, 
unsaturated  or  borderline  mode.  The 
revision  ought  to  bring  pH  under  firm 
control,  to  separate  the  main  scrubber 
loop  from  loops  serving  venturi 
scrubbers  whose  job  is  to  remove  fly 
ash,  and  no  doubt  to  effect  other 
improvements  as  well, 

(7)  The  Phillips  Station  scrubber  is  a 
retrofit,  and  a  more  advantageous 
alternative  might  be  found  among  the  7 
lime  scrubbing  installations  (totalling 
3, 312-M)  now  under  construction  or  on 
firm  order  for  high-sulfur  coals. 

In  connection  with  (6)   and  (7)  ,  it  should  be 
remembered  that  research  on  lime  scrubbing 
chemistry  on  the  100*-MW  scale  must  be  regarded, 
under  normal  circumstances,  as  imprudent. 
Certainly,   (6)   would  be  costly,  and  Duquesne 
Light  might  well  feel  that  it  would  need 
financial  help  if  the  task  is  to  be  done 
quickly,  and  perhaps  a  loan  of  personnel  as 
well. 


2.12    Horizontal  Scrvibber  at  Mohave  station 

A  novel  horizontal  scrubber  has  been  in 
successful  use  of  the  170-M  scale  at  Southern 
California  Edison's  coal-fired  Mohave  Station- 
Most  of  the  operation  of  this  unit  has  been  with 
an  inlet  sulfur  dioxide  concentration  of  only 
about  200  ppm.     Cloride  ion  levels  are  extremely 
high.     Susbtantially  all  of  the  absorbed  sulfur 
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is  oxidized  to  the  oulfate  form^    The  effective 
L/G  is  80,  but  liquor  arrives  to  the  scrubber  at 
an  L/G  at  20:    there  are  four  stages  of 
scrubbing  with  repeated  use  of  the  same  liquor 
in  counter current  flow  in  respect  to  the  gas.. 
The  pH  may  be  adjusted  separately  in  each  stage, 
although  this  has  not  been  done  to  date.  The 
unit  io  fitted  with  a  mist  eliminator  arranged 
so  that  it  can  be  washed  with  fresh  water  that 
does  not  combine  with  the  primary  flow  of 
scrubbing  liquor. 

The  Mohave  installation  experiences  loss  of 
water  by  evaporation  from  the  sludge  pond,  and 
there  is  ordinarily  no  return  of  water  from  the 
pond  to  the  scrubber. 

The  horizontal  design  has  also  been  tested 
at  the  10-M  scale  in  intermittent  service  (10 
hours  a  day,  4  days  a  week)   where  chloride  ion 
levels  are  negligibly  small.    Tests  at  the  10-M 
scale  have  extended  to  inlet  sulfur  dioxide 
concentrations  of  3000  ppm. 

The  horizontal  scrubber  may  prove  to  be  a 
valuable  "what  then?"  if  vertical  scrubbers  of 
the  more  common  designs  are  proved  not  to 
provide  sufficiently  uniform  distribution  of  gas 
and  liquor  flows  for  operation  at  high  chloride 
ion  levels  or  at  other  conditions  promoting 
oxidation. 

Advocates  of  the  horizontal  scrubber  also 
feel  that  it  could  operate  well  into  the  super- 
saturated mode  without  trouble  from  deposits. 


2o13    Open  versus  Closed  Water  Loop 

As  noted  earlier,  the  point  of  view  here  has 
been  that  substantially  all  locations  in  the 
eastern  United  States  where  a  lime  scrubber 
might  be  situated  are  such  as  to  require 
operation  of  the  scrubber  in  the  closed  loop 
mode.     In  a  few  locations,  operation  of  an  open 
loop  system  may  be  allowable,  and  this  will  be 
easier.     No  commercial  system,  however,  can  yet 
be  said  to  be  operting  with  complete  success  on 
a  medium  or  high  sulfur  coal  in  the  open  loop 
mode,  except  for  the  unusual  system  cited  in 
2.02  above. 


418 


2, 14    Lime  Scrubbing  in  the  Supersaturated  Mode 

The  path  of *  development  emphasized  here  has 
been  one  toward  an  operation  in  the  unsaturated 
or  borderline  mode.     In  view  of  the  success  of 
the  Paddys  Run  scrubber,  this  path  seems  closest 
to  achieving  commercial  results  for  medium  or 
high  sulfur  coals. 

The  Fulham  Station  scrubber  in  England  (see 
3.01  below)   is  reported  to  have  operated  with 
lime  in  a  supersaturated  mode  in  the  late  19308. 

Operators  of  EPA's  10-M  lime  scrubber 
believe  their  work  to  have  demonstrated  a  viable 
practice  in  a  supersaturated  mode,  although  th?2 
operation  was  marred  by  trouble  at  the  mist 
eliminator  and  has  not  yet  simulated  load 
variations,     one  might  also  worry  about  the 
sensitivity  of  the  degree  of  supersaturation  in 
some  of  the  runs  to  the  bulfur  oxide  level  in 
the  flue  gas,  small  variations  in  the  latter 
producing  large  changes  in  the  former  (Epstein 
et  al.   197*i)  .     It  is  not  necessary  here  to 
examine  this  option  in  depth,  for  no  recent 
commercial  practice  is  available  for  'a 
performance  comparison.     It^is  possible  that 
some  of  the  7  lime  scrubbing  installations  now 
under  construction  may  intend  to  operate  in  the 
supersaturated  mode,  and  if  so,  the  necessary 
performance  comparisons  may  be  forthcoming. 


2.15    Operation  at  a  High  Degree  of  Oxidation 

Some  workers  take  the  view  that  operation 
far  into  the  supersaturated  mode,  and  at  a  high 
degree  of  oxidation  of  sulfite  to  sulfate,  will 
be  possible  if  the  scrubber  is  designed 
physically  to  operate  without  trouble  from 
gypsum  deposits,  even  if  gypsum  forms  freely 
within  the  scrubber. 

Such  an  operation  would  enjoy  the  advantage 
that  gypsum  settles  from  a  water  suspension  more 
quickly  than  crystals  of  calcium  sulfite,  and 
the  settled  material  occupies  less  volume. 
These  properties  of  gypsum  would  ease  the  pre- 
paration of  a  concentrated  sludge  of  waste  solid 
for  disposal,  as  well  as  reduce  the  volume  of 
the  sludge  deposit. 
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These  points  of  view  seem  valid,  but  there 
is  little  experience  to  back  them  up.  They 
require  a  new  path  of  development  that  might  be 
said  to  have  only  barely  been  begun • 


3,0     LIMESTONE  SCRUBBING  FOR  MEDIUM  AND 
HIGH  SULFUR  COAL 

The  chemistry  of  limestone  scrubbing  is  also 
complex   (Hollinden  197a,  Borgwardt  1974) ,  and  a 
brief  summary  can  touch  only  highlights.  The 
alkalinity  needed  to  scrub  sulfur  dioxide  from 
the  flue  gas  stream  is  supplied  by  the  dis- 
solving of  calcium  carbonate  particles  in  the 
scrubbing  liquoi:  as  it  passes  through  the 
scrubber.     Although  the  solubility  of  calcium 
carbonate  in  water  is  small  —  indeed,  far 
smaller  than  the  solubility  of  calcium  sulfite, 
which  pA>vi<3es  alkalinity  to  the  lime  scrubber 
—  nevertheless,  the  liquor  is  unsaturated  in 
respect  to  this  species.     As  the  calcium 
carbonate  enters  solution,  carbonate  ions  react 
with  sulfur  dioxide  to  form  bisulfite  ions  and 
to  release  carbon  dioxide  gas: 

+  2  -2 
CaCO^     ~    Ca      +  CO3 

CO^"^  +  2  SO2  +  H2O     =     2  HSO^"^  +  CO2 


Typically,  about  1.5  percent  of  the  entering 
limestone  might  be  expected  to  disolve  as  the 
liquor  flows  through  the  scrubber. 

The  spent  liquor  that  leaves  the  scrubber  is 
rich  in  bisulfite  ion,  and  is  mixed  with  a 
slurry  of  limestone  in  a  reaction  tank.  The 
reaction  of  the  bisulfite  ions  is  relatively 
slow,  to  produce  calcium  sulfite: 

CaC03    =    Ca"*'2  +  ZO^"'^ 

C03"^  +  2  HS03'^     =     2  803"^   +  CO2  +  H2O 
Ca"*"^  +  303"^  +  0   >  H2O  =  CaSO^-0.5  H2O 
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Calcium  sulfite  precipitates  to  form  crystalline 
CaSO3-0,5  H20,     Liquor  leaving  the  reaction  tank 
contains  unreacted  limestone,  as  well  as  calcium 
sulfite  crystals.     The  greater  part  of  the 
scrubbing  liquor  is  returned  to  the  scrubber,  A 
small  part  is  sent  to  a  step  for  clarifying  the 
liquor  to  provide  a  concentrated  sludge  for 
discard •     It  will  be  appreciated  that  inherently 
the  sludge  must  contain  some  limestone. 
Generally,  the  supply  of  stohe  must  amount  to 
about  150  percent  of  the  stoichiometric  re- 
quirement for  conversion  of  sulfur  dioxide  in 
the  flue  gas.     In  contrast,  a  lime  scrubber 
requires  but  100  percent  of  stoichiometric. 
Lime,  however,  is  much  more  expensive  than 
limestone. 

Early  problems  of  limestone  scrubbing  re- 
lating  to  materials  of  construction  are  now 
largely  solved,  provided  large  pH  excursions  ore 
avoided. 

Oxidation  of  sulfite  to  sulfate  is 
inherently  a  more  serious  problem  for  a  -closed 
loop  limestone  scrubber  than  for  the  lime 
system.    This  is  because  the  pH  in  the  limestone 
system  is  buffered  by  presence  of  limestone  at  a 
pH  in  the  vicinity  of  5.5.     Thus,  the  liquor 
Diight  enter  a  limestone  scrubber  typically  at  a 
pH  of  about  5.8  and  leave  the  scrubber  at  5. a. 
In  contrast,  liquor  entering  a  lime  scrubber 
might  be  at  about  8  to  8.5  pH,  and  the  liquor 
would  typically  leave  at  about  5.6,  since 
crystals  of  CaS03  in  this  liquor  provide  no 
buffering  action.     As  a  consequence,  the 
bisulfite  ion  level  is  generally  higher 
throughout  the  limestone  scrubber,  providing 
more  opportunity  for  oxidation. 

All  commercial  limestone  scrubbers,  whether 
open  or  closed  loop,  appear  to  have  operated 
with  a  liquor  that  was  supersaturated  in  respect 
to  gypsum.     In  scrubbers  of  the  general  type 
employed  in  most  tests  underway  or  projected  in 
the  United  States,  successful .operation  depends 
upon  keeping  the  degree  of  supersaturation  below 
a  critical  level,  generally  believed  to  be  about 
130  percent,  beyond  which  scaling  by  deposits  of 
gypsum  become  intolerable.     [However,  see 
Section  3. 12.  ] 
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Operation  of  a  limestone  scrubbing  system 
has  been  observed"  in  a  closed  loop,  unsaturated 
mode  in  one  tiny  bench  scale  scrubber*     ^^h^e  is 
general  agreement  that  operation  in  such  a  mode 
will  be  considerably  more  difficult  in  a  large 
limestone  sya|tem  them  in  a  large  lime  system. 

Accordingly,  the  emphasis  here  will  b&  upon 
operation  in  the  supersaturated  mode. 

Although  the  limestone  system  is  buffered  in 
respect  to  pH,  nevertheless,  excursions  of  pH  in 
the  downward  direction  can  occur  and  are  to  be 
feared.     This  is  because  the  dissolution  of 
limestone  is  so  slow  that  a  sudden  downward 
excursion  of  pH  of  the  total  scrubbing  liquor 
flow  can  be  corrected  only  relatively  slowly  by 
adding  more  limestone  to  the  reaction  t,ank. 
This  characteristic  of  the  system  may  make  load 
following  more  difficult  for  the  limestone 
system.  a 


Local  downward  excursions  of  p&  are  pq)5sibl« 
in  the* scrubber  itself  in  a  zone  oversuppxied 
with  gas  and  undersupplied  with  liquor. 

If  a  pH  excursion  dips  below  about  4.8, 
experience  at  both  a  bench  scale  scrubber  (TVA's 
l-M  unit  at  Colbert  Station)  and  a  large  unit 
(Will  County)  has  shown  that  extreme  difficulty 
may  arise  from  the  blinding  of  the  limestone 
particles  by  a  "candy  coating"  of  calcium 
sulfite  when  stone  is  added  in  an  atempt  to 
restore  the  pH.     When  this  happens,  experience 
has  sho%m  that  the  operator's  only  resort  is  to 
dump  the  liquor  system  and  begin  again  with  a 
new  inventory  of  limestone.     Blinding  is 
difficult  to  duplicate,  and  hence  difficult  to 
study,  and  so  the  kinetics  are  unknown,,  and  it 
qannot  be  said  whether  this  is  a  problem  only 
for  a  mishap  that  affects  the  overall  liquor 
system,  or  is  also  a  problem  for  a  scrubber  with 
bad  internal  distribution  of  gas  and  liquor. 


Full  .scale  limestone  scrubbers  began  to  be 
used  in  England  in  1933,  and  experience  was 
acquired  thfere  for  both  open  and  closed  lo^opL 
operation.     The  coal-fired  Fulham  Station  was  ^ 
fitted  with  a  closed  loop  system  in  about  1938, 


3.01     Fulham  Station 
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and  this  system  operated  until  1940,  when  it  was 
shut  down  because.it  was  believed  that  the  plume 
attracted  enemy  aircraft.     The  system  employed 
four  scrubbers  each  in  capacity.     As  a 

result  of  pilot  tests  in  the ''closed  loop  mode, 
developers  of  the  Fulham  Station  system  provided 
higher  rate  of  flow  of  scrubbing  liquor  relative 
to  flow  of- flue  gas   (higher  L/G)   and  a  larger 
burden  of  circulating  limestone  than  the  levels 
of  these  variables  that  have  been  used  in 
commercial  limestone  scrubbers  built  recently  in 
the  United  states.     The  designers  also  provided 
a  scrubbing  tower''  of  a  larger  size,  so  that  the 
speed  of  the  gas  was  appreciably  lower,  and  a 
longer oresidence  time  was  provided  in  the 
reaction  tank.     Reports  on  the  operation  at 
Fulhcun  Station  contain  remarks  suggesting 
presence  of  all  of  Che  problems  that  scrubbers 
have  experienced  here  in  respect  to  materials  of 
construction,  scaling,  fouling  by  deposits,  and 
corrosion,  although  operations  were  deemed 
successful.     It  is  understood,  however,  that  the 
Fulham  Station  scrubber  was  so  badly  corroded 
when  it  was  shut  down  that  it  would  have  haid  to 
be  rebuilt  if  further  operation  had  been 
required  after  the  War. 


1    A  limestone  scrubber  for  84-M  capacity  at 
Commonwealth  Edison's  Will  County  Station  has 
operated  in  the  open  loop  mode.     Much  truble  was 
experienced  with  fouling  by  deposits,  among 
other  problen\,s,  as  long  as  attempts  were  made  to 
operate  on  coal  containing  3  percent  sulfur, 
since  April  of  1974,  availability  of  the 
scrubber  has  been  good  (still  in  open  loop 
mode) ,  but  the  station  has  fired  mixtures  of  low 
sulfur  Western  coal   (about  1  percent  suf lur)  and 
the  Illinois  coal.     The  sulfur  level  has 
averaged  about  1.5  percent,  and  it  might  be 
suspected  that  this  represents  an  approximate 
upper  limit  for  operation  of  a  system  of  the 
Will  County  design  in  the  open  loop  mode  without 
difficulty  from  gypsum  deposits.     It  should  be 
rioted,   however,  that  the  design  uses  an 
appreciably  lower  liquor  rate,  higher  gas 
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velocity,  lower  solids  burden,  and  shorter 
reaction  tank  residence  time  than  the  Fulham 
Station  design  that  was  reported  to  be 
successful  in  closed  loop  operation   (see  3o01). 
It  is  doubtful  that  the  VJill  County  qnit  could 
be  modified  to  approximate  the  Fulham \ Station 
experience  in  view  of  space  limitations.     In  any 
event,  such  modification  would  be  expensive. 


3.03    LaCygne  Station 

A  limestone  scrubbing  installation  for  820- 
MW  at  Kansas  City  Power  &  Light's  LaCygne 
Station  is  mechanically  similar  to.  the 
installation  just  described  at  Will  Countyo  The 
LaCygne  Station  burns  coal  containing  5. 5 
percent  sulfur.     The  coal  also  has  a  high  ash 
content.     Experience  in  operating  the  scrubbers 
at  LaCygne  has  been  generally  similar  to  the  ex- 
perience at  will  County  for  3  percent  sulfur 
coal. 

.  ^      The  operation  is  open  loop,  although  it 
should  be  pointed  out  that  the  system  does  not 
discharge  water  beyond  the  station's  property 
line  having  a  salt  content  in  violation  of 
Missouri  or  Kansas  regulations  in  respect  to 
quality  of  industrial  waste  water.     This  is 
because  the  property  includes  a  2600  acre  lake 
to  receive  scrubber  effluent  and  hold  it  for 
dilution  by  rainfall  before  it  eventually 
crosses  the  property  line. 

The  original  design  was  recognized  to  be 
experimental.     Because  of  factors  not  fully 
appreciated  when  the  design  was  executed,  the 
LaCygne  Station  has  had  to  be  derated  to  700 
megawatts.     The  derating  can  be  overcome  by 
installing  one  scrubber  module  in  addition  to 
\  the  seven  modules  already  present,  and  by 

installing  another  forced  draft  fan. 

The  operator  expects  to  shut  down  one  or  two 
scrubber  modules  each  night  on  the  graveyard 
shift,  and  to  enter  them  to  clean  out  deposits. 
Each  scrubber  is  entered  for  cleaning  about  once 
every  five''  days.     Although  the  operator  is  not 
yet  completely  satisfied  with  the  system 
availability,  he  regards  the  installation  as  a 
viable  one  from  the  standpoint  of  his  particular 
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needs^  since  he  is  content  to  reduce  the 
production  of  electricity  during  the  early 
morning  hours.     It  should  be  remarked  that  such 
a  reduction  might  not  be  congenial  to  most 
utility  operators  of  new  baseload  EK>wer  units ^ 
whose  good  fuel  efficiency  depends  upon 
operating  them  steadily  around  the  clock  for 
long  periods  atv^  time.     It  may  also  be  noted 
that  the  state  ofi  Kansas  Public  Service 
Commission  at  fifst  took  the  position  that  the 
operation  was  ji5t  satisfactory^  and  delayed 
until  recently  its  approval  of  the  entering  of 
the  investment  in  the  scrubbing  system  into  its 
owner's  rate  base. 

Alternation  of  the  system  to  approximate  the 
Fulham  Station  experience  would  be  costly,  if 
not  infeasible. 


3.04     EPA* 8  10-M. Pilot  Limestone  Scrubber 

The  operators  of  EPA's  10-M  pilot  limestone 
scrubbing  system  (at  TVA's  Shawnee  station)  have 
developed  a  mode  of  operation  on  flue  gas  high 
in  sulfur  dioxide  and  HC1  in  the  closed  loop 
mode.     The  liquor  is  supersaturated  in  respect 
to  calcium  sulfate  and  high  in  chloride  ion 
content.     The  success  appears  to  depend  upon 
keeping  the  degree  of  supersaturation  below 
about  120  percent^  and  this  has  been  done  by 

(a)  maintaining  a  high  liquor-to-gas  ratio 
in  the  scrubber    (L/G  -  about  80  gallons 
per  minute  per  thousand  actual  cubic 
feet  per  minute  of  gas  entering  the 
scrubber) , 

(b)  maintaining  a  high  solids  content  in 
the  liquor   (about  15  percent  by 
weight) , 

(c)  providing  for  a  resi'dence  time  of 
liquor  in  the  reaction  tank  of  about  20 
minutes^  and 

(d)  reducing  the  gas  velocity  from  12.8  to 
9  feet  per  second  in  the  scrubber^ 
thereby  derating  the  unit  to  about  7 
megawatts. 
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These  conditions  are  closely  comparable  to  the 
reportedly  successful  Fulham  Station  design, 

A  recent  run  lasted  for  2000  hours  under 
steady  load.     The  unit  has  not  been  tested  with 
s4.mulated  variations  of  load. 

Attempts  to  operate  the  EPA  pilot  unit  in 
the  unsaturated^  closed  loop  mode  have  failed  to 
date,  but  the  failure  may  be  explained  by  the 
long  liquor  residence  time  in  the  reaction  tank 
of  the  pilot  scrubber. 


3,05     EPA's  0,1-M  Bench  Limestone  Scrubber 

EPA's  0,1-M  oil-fired  bench  scale  limestone 
scrubbing  system   (300  ft^/min)   at  Research 
Triangle  Park  has  recently  demonstrated 
operation  in  a  closed  loop  unsaturated  mode  at 
7000  ppm  chloride  ion  and  high  magnesixom  ion 
levels   (2400  ppm  and  beyond) ,     Work  with  this 
unit  has  only  very  recently  revealed  that 
operation  in  an  unsaturated  mode  is  a  ^ 
possibility.    The  factors  promoting  or  hindering 
such  operation  are  much  the  same  as  those 
discussed  in  Section  2,0  for  lime  scrubbing, 
except'  the  effect  of  chloride  ion  is  greater  for 
limestone  scrubbing,  and  the  ameliorating  effect 
of  magnesium  ion  is  less.     Operation  in  an 
unsaturated  mode  without  presence  of  a 
substantial  quantity  of  magnesium  does  not 
appear  possible.     Operation  in  the  unsaturated 
mode  requires  that  oxidation  of  sulfite  to 
sulfate  remain  below  some  critical  level,  ^and  no  ^ 
generalized  correlation  of  oxidation  is  yet 
available. 


3,06    TVA's  1-MW  Bench  Limestone  Scrubber 

The  Tenne^^Jpe  Valley  Authority's  1-MW  bench 
scale  scrubbejP'at  TVA's  Colbert  Station  has  been 
used  to  study  design  variables  looking  toward 
Construction  of  a  large  limestone  scrubber  (550- 
MW)   at  TVA's  Widows  Creek  Station, 

in  general,  it  appears  that  the  planners  of 
the  large  scrubber  have  not  been  willing  to 
incur  the  extra  expense  entailed  by  the  high 
liquor  rate,  low  gas  rate,  and  long  reaction 
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tank  residence  time  suggested  by  the  Fulham 
Station  practice.     The  residence  time  in  the 
bench  scale  scrubber  is  5  minutes,  ' 

h  major  irtnovation  in  respect  to  the  mist 
eliminator,  howe^e,  gives  the  planners  hope  that 
a  design  somewhat  closer  to  that  used  at  Will 
County  and  LaCygne^^can  be  made  to  function 
satisfactorily,  although  with  a  somewhat  higher  * 
liquor  rate  than  these  existing  commercial 
scrubbers  provided.     The  mist  eliminator  is 
arranged  so  that  it  can  be  washed  with  fresh 
water  that  does  not  combine  with  the  primary 
flow  of  scrubbing  liquor.     At  first,   it  was 
expected  that  the  water  discard  from  the  mist 
eliminator  could  be  discharged  from  the  system, 
and  it  may  still  turn  out  that  this  is  the  case. 
However,  in  absence  of  definitive  regulations  in 
respect  to  the  quality  of  the  wate-  that  may  be 
discharged,  strenuous  efforts  h:.^e  been  made 
over  the  past  three  years  to  close  the  mist 
eliminator  wash  water  loop,  by  recirculating 
this  water  and  bleeding  water  make-up  for  the  > 
scrubbing  system  proper  from  the  mist  eliminator 
loop.     These  efforts  had  been  unsuccessful  \intil 
recent  encouraging  experi^ients  in  which  a 
relatively  small  quantity  of  sodium  carbonate 
has  been  added  to  the  wash  water  loop  to 
precipitate  calcium  carbonate  and  raise  the 
alkalinity  of  the  water. 

The  1-M  limestone  scrubber  has  been 
subjected  successfully  to  tests  simulating 
variations  in  load. 


3,07    Paddys  Run  Operated  as  a 
Limestone  Scrubber 

A  six-week  test  of  the  scrubber  at  Lousville 
Gas  &  Electric 's  Paddys  Run  station   (see  Section 
2,01)  with  limestone  was  deemed  not  successful 
by  the  operators.     The  scrubbing  liquor  was 
supersaturated  in  respect  to  calcium  sulfate  and 
low  in  chloride  ion.     The  plant's  operators  are 
aware  of  the  possibility  of  operating  in  an 
Unsaturated  mode,  and  the  unit  normally  operates 
successfully  in  this  mode  as  a  lime  scrubber. 
It  should  be  remarked  that  the  residence  time  of 
the  liquor  in  the  reaction  tank  when  in  use  for 
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lime  scrubbing  is  25  minutes,  and  the  experience 
with  the  bench  scale  scrubber  suggests 

that  shortening  this  time  appreciably  might  be 
conducive,   if  not  indeed  necessary,  to  achieving 
operation  in  the  unsaturated  mode.     It  is  not 
known  whether  or  not  the  operators  reduced  the 
residence  time  for  the  limestone  test. 


3.08    Conclusion  in  Resepct  to  Commercial 
Availability  of  Three  Modes  of  Operation 

It  is  not  possible  at  this  time  to  select  a 
certain  winner  among  three  possible  modes  of 
closed  loop  operation  revealed  by  the  foregoing 
experience: 

(1)  The  Fulham  Station  mode,  tested  at  10- 
Mw  V 

(2)  The  Widows  Creek  mode,  projected  for 
TVA^s  VJidows  Creek  Station  and 
demonstrated  at  1-Mw 

(3)  The  unsat\j^?:ated  mode  with  high 
magnesium  ion  level,  observed  at  0,1-Mw 

It  would  appear  that  the  earliest  comparison 
of  bench  scale  and  commercial  performance  will 
be  provided  by  TVA's  Widows  Creek  scrubber, 
which  TVA  rightly  regards  as  an  experimental 
unit. 

The  nature  of  the  designs  provided  by 
Peabody  Engineering  for  Detroit  Edison's  St, 
Clair  station   (180-M),  by  Riley 

Stoker/Environeering  for  Central  Illinois  Light 
Co,«s  Duck  Creek  station  (idO-M) ,  and  by  U,0,P, 
for  Springfield  Utility  Board's  Southwest 
station   {200-M)    is  not  known.     Perhaps  further 
experiments  might  be  arranged  in  these  units  on 
order  or  under  construction  to  provide  trials 
for  the  first  or  third  options. 

The  third  option,  however,  could  hardly  be 
taken  seriously  until  it  has  been  observed  in 
something  larger  than  the  0, 1-M  bench  scale  unit 
at  Research  Triangle  Park, 
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3.0  9    Conclusion  in  Respect  to  Technical 
Base  for  Design 

The  chemical  knowledge  base  is  not  yet 
adequate  to  permit  confident  design  of  a 
commercial  limestone  scrubber  for  a  medium  or 
high  sulfur  coal  to  operate  in  a  closed  loop 
mode. 

Performance  comparisons  among  bench,  pilot, 
and  commercial  scale  scrubbers  operating  in  such 
a  mode  are  not  available. 


3.10     Cholla  Station 

Information  acquired  from  the  successful 
operation  of  the  115-M  limestone  scrubber  at  the 
Cholla  Station  of  Arizona  Public  Service  has 
limited  value  for  judging  the  operability  and 
reliability  of  limestone  scrubbing  in  the 
Northeastern  United  States,  because  of  the  low 
sulfur  content  of  the  coal  burned  at  this 
station.     The  inlet  sulfur  dioxide  concentration 
is  typically  420  ppm. 

The  Cholla  scrubber  system  loses  water  by 
evaporation  from  its  sludge  pond,  and  there  is 
ordinarily  no  return  of  water  from  the  pond  to 
the  scrubber. 


3.11     Open  versus  Closed  Water  Loop 

AS  note'^d  in  Section  2.13,  the  point  of  view 
here  has  been  that  substantially  all  locations 
in  the  Eastern  United  States  would  require 
operation  of  a  limestone  scrubber  in  the  closed 
loop  mode.     Open  loop  systems  have  come  oristreaun 
in  Japan  recently,  or  are  about  to  come 
onstream,  for  coal-fired  boilers,  the  objective 
being  to  produce  gypsum  for  wallboard 
manufacture,     with  this  end  in  view,  the  systems 
are  tailored  to  promote  oxidation  of  sulfite  ion 
to  sulfate.     One  of  the  systems  in  the  Mitsui 
Miike  scrubber  described  in  Section  2.02,  which 
has  recently  begun  to  operate  as  a  limestone 
scrubber. 
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3.12    Operation  with  Free  Formation  of 
GypQUHi  in  Scrubber 

The  ^th  of  development  emphasized  here  has 
been  one  toward  operation  in  scrubbers  of  the 
general  vertical  design  that  appears  in 
substantially  all  of  the  coEJimercial  systems  now 
under  test^  und^r  construction^  or  on  order. 

Some  workers  take  the  point  of  view  that 
scrubbers  of  significantly  different  design 
would  be  immune  from  troubles  caused  by  scaling 
and  deposits^  even  if  gypsum  were  to  form  freely 
within  the  scrubber.      (See  Sectiojis  2.12  and 
2.15.)   This  would  require  a  new 
development  that  at  present  is  at  an  e^rly 
stage. 


4.0     ENVIRONMENTAL  CONSIDERATIONS 


4.01     Sludge  Disposal 

One  of  the  most  troublesome  problems 
associated  with  lime/limestone  processes  is  the 
difficulty  of  sludge  disposal.     The  EPA  has 
estimated  the  following  rates  of  waste 
production  rates  for  a  typical   1000-Mw  coal 
fired  power  plant   (3  percent  sulfur^   12  percent 
ash^   6400  hours/year  operation,  limestone 
scrubbing) . 


Production  RatCf   10^  Tonp/Year 


I7et  ,   Sopa  rato  Col  1  Oct  ion       Wet ,  Common  Col  loct  ion 
Dr^        and  Dio^Jooal   _    and  DiopoQal  ^  

Scrubber   j;i  udqo  JOl  76  J   -    SOS  SoUdfJ  76  3  j 

50ft  Solido 

Coal  Anh  '  Solido  6  76  ' 

719  iThT  1439 


The  EPA  has  also  estimated  the  land  requirements 
at  377  acres  for  sludge  and  fly  ash  disposal  and 
108  acres  for  fly  ash  disposal  only.  (EPA 
estimates  that  90^000  MW  of  FGD  systems  will  be 
installed  in  the  eastern  U.S.     Not  all  of  these 
will  necessarily  be  lime/limestone.)   If  90,000 
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NVJ  of  lime/limeatone  scrubbing  capacity  were 
installed^    130,000^000  tons  per  year  of  wet 
sludge  including  ash  would  be  produced  (50 
percent  solids  basis) • 

EPA  has  summarized  the  following  qualitative 
comparison  betvjeen  scrubber  sludge  and  fly  ash- 
{a)     The  sludges  typically  contain  calcium 
sulfite,  calcium  sulfate,  calcium 
carbonate  and  fly  ash  in  varying 
v,^         compositions.     Fly  ashes  typically 
'         contain  silica,  alumina  and  hematite. 
The  compounds  in  the  scrubber  sludge 
are  more  soluble  than  those  in  the  fly 
ash.     Table  11-3  shows  the 
characteristics  of  sludges  obtained 
from  operating  sulfur  dioxide 
scrubbers. 

(b)  Both  sludge  solids  and  ash  will 'contain 
trace  elements  and  other  species 
originating  in  the  coal,  lime/limestone 
or  water.     The  primary  source  of  trace 
metals  is  the  coal   (ash) . 

(c)  Sludge  and  ash  liquors  will  both 
contain  dissolved  species.  Untreated 
sludge  liquors  normally  have  a  lowet  pH 
than  fly  ash  liquors,  hence  trace  metal 
solubility  is  generally  greater. 

(d)  Sludge  liquors  may  contain  significant 
quantities  of  chlorides. 

(e)  Untreated  sludge  settles  to  about  50 
percent  solids,  and  will  require  more 
storage  volume  per  unit  weight  than  ash 
which  settles  to  about  80  percent. 

At  this  time  disposal  of  scrubbers  sludges 
by  ponding  ^ind  land  fill  appears  to  be  the  only 
important  near  term  alternative.     Table  11-a 
presents  the  current  sludge  disposal  practices 
of  several  utilities.     Nationwide  ponding 
represents  about  60  percent  of  the  disposal 
methods  and  landfill  40  percent. 

If  ponding  is  used,  water  pollution  problems 
can  be  prevented  by  proper  pond  design, 
installation  of  a  pond  liner  and  operating  in  a 
closed  loop  mode   (do  not  discharge  water  from 
the  pond).     costs  for  pond  liners  vary  from  $1 
per  square  yard  for  clay^  and  thin  plastic  to  $9 
per  square  yard  for  30  mil  rubber  coated 
fabricso     A  cost  of  $1  per  square  yard  is 
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roughly  equivalent  to  $5/kw  capital  and  0,15 
mills/kwh  annualized  operation. 

If  landfilling  is  used,  chemical  fixation 
will  most  likely  eliminate  land  deterioration 
problems.     Fixation  if  successfuily  applied  will 
avoid  water  pollution  problems  in  unlined 
landfill  sites,  but  this  has  not  been 
demonstrated.     However,  Dravo  has  received  a 
permit  in  Pennsylvania  for  disposal  of  fixed 
sludge  at  the  Bruce  Mansfield  plant.     As  is 
shown  on  Table  11-5,  at  least  t;^^^^  utilities 
are  using  chemical  fixation  meiyfedA  but  there 
do  not  seem  to  be  any  reliable  pfenished 
measurements  of  leaching,  ground  water  runoff 
etc.,  that  will  determine  the  commercial 
effectiveness  of  fixation.     Dravo  and  will 
County  are  both  currently  conducting  leachate 
tests. 

Fixation  methods  have  been  developed  by 
three  companies  (Chenf ix,  Dravo,  and  IOCS)  .  In 
general,  they  are  a  means  of  increasing  the 
sludge  strength  and  shear  properties,  selmeczi 
and  Elnaggar  have  published  the  screen  and  sub- 
sieve  analysis  for  sludges  from  eastern  coals: 
Diameter,  microns        50  «»0  30    20     15     10    7     5  2 

Cumulative  weight  X      1     2     5     12     21     39  51  68  68 

This  indicates  that  the  particle  sizes . fall 
in  the  range  of  silt  with  minor  percentages  in 
the  fine  sand  and  clay  size  particles.  The 
water  content  of  settled  sludge  from  the 
thickener  may  vary  from  250  percent  to  1 50 
percent  of  the  dry  weight   (160  percent  is  most 
typical)   or  35  -  ao  percent  solids.  The 
specific  gravity  is  2.5. 

The  settled  sludge  has  a  very  soft 
consistency  and  its  structure  is  unstable  in 
that  it  liquefies  when  disturbed. 

Fixation  (stabilizing)   is  the  process  of 
adding  chemicals  to  the  sludge  which  will 
strengthen  and  harden  the  sludge.     Each  of  the 
three  companies  have  different  additives  but 
they  are  basically  intended  for  the  same 
purpose.     Costs  of  chemical  fixation  are 
reported  to  be  S15/ton  on  a  dry  solids  basis  (50 
percent  solids  stream  to  be  treated) . 
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Because  of  the  uncertainties  regarding 
sludge  stabilization   (performance  and 
economics) ,  further  study  will  be  done  in  an 
advanced  program  at  the  Shawnee  test  facility 
under  the  direction  of  the  Aerospace 
Corporation,     The  three  different  proprietary 
processes?  will  be  studied:     Davo,  lU  Conversion 
Systems  and  Chemfix*     There  will  be  two  large 
ponds  for  untreated  sludge   (one  lime,  one 
limestone)   and  three  small  ponds  for  treated 
sludge   (one  for  each  process) •     Each  pond  will 
have  a  leachate  well  and  a  ground  water  well  to 
monitor  any  ground  water  contamination, 

Dtilization  of  scrubber  sludges  as  a 
building  material  is  technically  feasible^  and 
the  process  of  gypsum  production  for  wall  board 
is  practiced  in  Japan.     The  first  J.arge  scale 
application  of  sludge  utilization  in  the  U.S. 
will  be  at  the  limestone  scrubber  installation 
at  Mohave  Unit  No-   1,  where  lU  Conversion 
Systems  will  convert  the  sludge  into  a  building 
material. 

One  of  the  difficulties  in  sludge  disposal 
i0  that  a  potentially  useful  product   (sulfur)  is 
being  thrown  away.     EPA  estimates  have  shown 
lime/limestone  FGD  systems  are  probably  not 
competitive  with  regenerable  FGD  systems  (where 
the  sulfur  is  recovered)   if  the  sludge  disposal 
costs  exceed  about  $4-6  per  wet  ton.  (However 
sulfur  recovery   (not  H2S04)   in  an  integrated  FGD 
unit  on  a  utility  boiler  will  not  be 
demonstrated  until  1975-76  at  the  NIPSCO  plant, 
Wellman-Lord  process.)   The  magnesium  oxide 
process,  to  be  installed  in  two  locations,  will 
also  recover  a  useful  byproduct. 

Table  1 1-5  summarizes  the' sludge  disposal 
chosen  by  four  utilities  who  have  FGD  systems 
that  are  fairly  close  to  completion. 

5.0     WATER  POLLUTION 

As  pointed  out  above  there  are  potentially 
serious  water  pollution  problems  from  leaching 
and/or  runoff  from  unlined  ponds.     There  appears 
to  be  no  problem  for  a  lined  and  well  engineered 
pond.     Experimental  work  is  now  underway  to 
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improve  the  technolog^L^nd  further  define  the 
costs  of  sludge  disposal.  * 
The  Wellman-Lord  Process^  currently  under 
installation  at  NIPSCO  does  not  produce  a 
slud^^   *fhfis  process  does  require  a  bleed 
stream  froin  ti^e  scrubber  ci-rculating  liquid.  ^ 
Roughly  5  to  10  percent  of  the  incoming  sulfur 
(sulfur  dioxide)   is  oxidized  to  sulfate  and  may 
be  discharged  as  sodium  sulfate  (dissolved  in 
water) ,  or  as  dry  sodium  sulfate.     There  is  well 
knovm  technology ^ available  to^ treat  the  problem^ 
but  its  application  will  be  relatively 
expensive.     Davy  Powergas  (licensor  for  the 
Wellman-Lord  Process)  has  an  active  research 
program  underway  to  find  methods  of  minimizing 
or  eliminating  the  sulfur  oxidation.  Until 
actual  operating  data  becomes  available,  the 
magnitude  and  cost  of»  this  problem  in  a  high 
sulfur  eastern  coal  utility  is  difficult  to 
assess  with  reliability. 


6.0     PARTICULATE  REMOVAL  EFFICIENCIES 

Almost  all  of  the  FGD  systems  report  fly  ash 
removal  efficiencies  in  terms  of  grains/SCF. 
These  data  indicate  that  outlet  particulates 
concentrations  of  0.01  to  O.|03  grains/SCF  are 
^  very  typical  for  a  wide  range  of  inlet  loadings. 
These  outlet  concentration^  are  adequate  to  meet 
air  quality  criteria. 

Two  important  parameters  have  not,  in 
general,  been  measured.     These  are  the  rejriqval 
efficiencies  as  a  function  of  size  range,  and 
analysis  of  the  outlet  particulates  for  fly  ash 
and  sulfates,  if  any. 

There  are  two  sets  of  published  ,  data  ojtK 
particulates  removal  efficiencies  a&  a  fui^^ion 
of  si^e  range. 

Weir  et  al.    (1974)  have  recently  presented 
the  results  ^J&^articulate  removal  analysis  at 
the  Southern  California  Edi,son  ^iant.     (This  is 
a  horizontal  scrubber  designed  by  Weir,  so 
interpretation  o^^data  for  vertical  scrubbing 
may  be  difficult).     Figure  11-3  shows  the  total 
outlet  particulate  loading   (grains/SCF)   as  a 
function  of  total  inlet  particulate  loading 
(grains/SCF)  for  the  170  MW  scrubber.  The 
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FIGURE  11-4:     Particle  Size  Distributions  at 

TCA  Scrubber  Inlet  and  Outlet  -  TVA  Shawnee  Plant 


particulate  removal  varies  from  70  percent  ajb  ' 
0.01  grains/SCF  inlet  to  98  percent  at  1.00 
graine/SCF  inlet. 

The  particle  ^ize  in  the  flue  gas  at  Mohave 
is  usually  small  -  90  cumulative  wt.  percent 
less  than  ^\  microns,  70  wt.  percent  less  .than  2 
microns,  ^0  wt.  percent  less  than  1  micron  and 
15  vftm  percent  less  than  0.5  microns.    The, plant 
does  have  an  electrostatic  precipitator,  and 
these  measurements  are  downstream  from  it. 

Fractional  size  collection  efficiencies  for 
both  the  pilot  plant  ^nd  the  commercial*  plant 
are  sho%m  below: 


Particle  Si^e        %  Pilot  Plant  %  Commercial  unit 

Microns  (.02  GR/SCF  inlet)    (.08  GR/SCF  inlet) 

.   >1.5  97  92 

1.0-1.5  96  ^         "  91 

0.5-1.0  87  85 

0.3-0.5  75  76 

Epstein  et  al.    (1974)  and  Bechtel   (for  EPA)  . 
^iave  published  particulate  removal  data  for  TVA 
Shawnee  opergitions,  for  limestone  and  lime 
scrubbing.     The  Bechtel  report  contains  data  cin 
overall  particulate  removal  efficiencies  for    ^  ^ 
several  di'fierent  scrubbers-- venturi  and  spray 
scrubbers,  TCA  scrubber  with  five  grids  and  a  ^ 
marbel  bed  scrubber.    All  'removal  efficiencies 
appear  to  be  in  the  9 8- 9 9*  percent  range,  but 
the  inlet  gas  particulate^ loadings  are„ also 
high. 

Figure  11-4  shows  inlet  and  outlet  particle 
size  distributions  for  the  TCA  scrubber.  Figure 
11-5  shows  the  TCA  particulate  removal 
efficiency  as  a  function, of  particle  size.  (The 
data  are  given  as  percent  penetration,  which  is 
100  minus  percent  removal).    As  would  be 
expected,  the  removal  efficiency  drops  rapidly 
with  decreasing  particle  size,  especially  at  low 
pressure  drops.     Because  of  the  limited  number 
/of  tests  (shown  on  these  figures),  firm 
conclusions  regarding  collection  efficiency 
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FIGURE  11-5:     TCA  Scrubber  Particulate  Removal 
Efficiency  as  a  Function  of  Particle  Size  -  TVA 
Shawnee  Plant. 
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should  await  additional  tebting  to  be  car;:ied 
out. 

Very  few  data  are  available  on  the  fly  aeh 
content  of  the  particulates  leaving  the  FGD 
system •    What'  data  are  available  ouggest  that 
the  fly  aeh  represents  about  60  percent  of  the 
total  and  the  remainder   (40  percent)  comes  from 
entrainment  from  the  slurry  liquor.    This  is 
apparently  calcium  and  magnesium  salts  but  very 
little  definitive  v^ork  has  been  done  in  this 
area. 

7,0'    COSTS  OF  FLUE  GAS  DESULFURIZATION  SYSTEMS 

McGlamery  and  Torstrick  (1974)  have 
presented  resultib  of  an  EPA  sponsored  cost 
appraisal  of  the  most  advanced  PGD  systems, 
using  as  a  base  case  a  new  500  MW  unit  burning 
3.5  percent  sulfur  coal.'    The  unit  costs  were 
estimated  at  $45/kw  for  lime  slurry  and  ranged 
up  to  about  $80-90/kw  for  catalytic  oxidation. 
Most  utility  companies  believe  that  these  costs 
are  in  error  and  much  too  low.     In  addition 
these  are  for  new  units;  retrofit  installations 
Will  cost  more.    The  results  of  studies  on 
retrofit  plants  are  discussed  later.    Also,  the 
costs  from  McGlamery 's  study  are  based  on  early 
1974  data,  and  do  not  include  the  rapid 
construction  cost  escalation  experienced  in 
recent  months.    The  major  cost  factors  used  are 
summarized  below: 

1-     Project  schedule  emd  location.  Project 
•    assumed  to  start  in  mid- 1972. with  3-year 
construction  period  ending  mid- 1975. 
Midpoint  of  construction  costs  mid- 1974; 
Chemjcal  Engineer ihg  Cost  Index  -  160.2. 
Startup  -  mid- 1975.     A  midwestern  jilant 
location  is  assumed.  - 

2.     Power  unit  size.    Costs^  for  three  unit 

sizes — 200,  500,  and  1000  MW— are  projec\:ed 

3-    "Fuel  type.     Systems  for  both  coal-  and  oil- 
fired  units  are  costed — coal  12,000  Btu/lb, 
12  percent  ash,  oil  -  18,500  Btu/lb,  0.1 
percent  ash.'  ^ 

Sulfur  content  Of  fuel,     costs  for  three 
sulfur  levels  are  evaluated  for  each  fuel — 
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2.0,  and  5.0  percent  for  coal;  1.0, 

2.5,  and  4.0  percent  for  oil. 
5«     Plant  ntatun.    Although  oystemo  for  both  new 
and  GxiGting  power  units  are  ev*aluated,  only 
a  oimple,  jr.oderatGly  difficult  (scrubbing 
oyotom  installed  on  vacant  opace  beyond  the 
otack)   retrofit  io  eotimated  oince  such 
oyotGiiiG  can  vary  over  ouch  a  wide  range  of 
configurations  and  reotrictions.     New  units 
are  deoigned  for  a  30-year  life,  127,500 
hours  of  operation.    Costs  for  new  and 
existi|.iig  systems  are  not  directly 
CGinparable. 

Clearly  thre  costs  of  a  new  plant  ordered 
today  will  'be  higher.     However  the  relative 
costs,  i.e.  differences  between  cases,  is 
probably  valid. 

Table  11-6  is  a  summary  of  the  total  capital 
investments  as  presented  by  McGlamery^  The 
effects  of  power  plant  size  and  sulfur  content 
of  the  coal  on  unit  investments  are  shown  in 
Figures  11-6  and  11-7  respectively.     Table  11-7 
is  McGlamery'Q  summary  of  the  total  operating 
costs  for  the  same  cases  as  shown  on  Table  11-6 
for  capital  investments.     Again  these  numbers 
2.0-2.5  mlllo/kwh.  are  probably  too  low,  because 
the  capi'tal  charges   (resulting  from  the  low 
investment  costs)   will  be  too  low.     Also  note 
that  investment  and  operating  costs  for  disposal 
of  fly  ash  and  byproduct  credit  have  been 
excluded.     The  effect  of  .excluding  product 
credits  from  annual  operating  cost  estimates  io 
shown  'below. 


Total  Net  annual 

Average  Annual     '      Annual  credit  operating 
Process    operating  coat^  $     for  byproducts,  $^        coot,  $ 


Limestone 

7,702,700 

7 

,702,700 

Lime 

8^01,900 

8 

,101,900 

Magnesia 

9,^210,800 

883,200 

8 

,327,600 

Sodium 

11,601,500 

1,077,500 

10 

,524,000 

Cat-Ox 

8,873,900 

659,400 

8 

,214,500 

^Correspondo  to  credit  fo  $8/ton  100%'H2SO^  as  98%^H2SO^  for 
magneQiti  Slurry  procecc;   $25/short  ton  sulfur,  $20/ton 
Na^SO^  for  the  oodium  solution  process;  and  $6/ton  100% 
H250^  ao  80%  H2SO4  for  the  catalytic  oxidation  process. 
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■6.     Summary'^  -  Total  Capital 
For  p'luo  Gaa 


Cooo 


Yoaro 
life 


Cool-fir od  power  unito 

90ft  SO2  removal;  onoito 
oolido  diopooal 
200  MW  now,    3.5%  30 
oul'f  ur 

2  00  MVJ  0X10 ting,  20 

3.5ft  oulfur 
500  Ml-J  oxioting,  25 

3.5ft  Dulfur 
500  .r-n-J  now,   2.0ft  JO 

Dul fur 

5  00  r-fi-J  now,    3.5ft  30 
□ul fur 

500  Ml-J  now,    5.0ft  50 
□ul fur 

1000  Ml-J  oxiotlng,  2  5 

3.5%  oulfur 
1000  m  nov/,    3.  5ft  JO 

oul f ur 

30ft  SOn  roniovQl;  onoito 
□olldo  diopooal 
500  MVJ  now,    3.5%  30 
□ul fur 

90%  SO,  removal;  offoito  . 
Qolldo  diopooal 
500  Ml-/  n-v;,    3.5ft  30 
□ul fur 

90%  SOt  removal;  onoito 
oolido  diopooal  (gx- 
^      ioting  particulate 

collection  facilitioo) 
500  mj  exioting,    3,5%  2  5 
□ul f ur 

Oil-fired  power  unit 

90%  SO^  removal ; ono I  to 
oolidxj  diopooal 
2  00  Ml-J  now,    2.5ft  30 
oul fur 

500  MVJ  now,   1.0ft  30 
oul fur 

500  Ml-J  new,    2.5ft  30 
oul fur 

50  0  Ml-J  now,    4.0%  30 
oul fur 

500  Ml'J  GXintlng,  2  5 

2.5ft  otilfur 
1000  Ml-J  new,    2.54  30 
nul f  ur 


Limootono  proceoo 
»  _„    5  $/kw 


Lifne  j^roco  0  0 


I  J  ,0  31 ,000 

I I  ,  344 , 000 
23,000, 000 
22  ,  600 , 000 
25  ,  1  6  3  ,  000 
27,345, 000 
35,133, 000 
37  ,  725  ,  000 


65.2 
56  .  7 
46.2 
45.2 
50  .  3 
54  .  7 
35.1 
37  .  7 


11,749,000  58.7 

13,036,000  65.2 

26,027,000  52.1 

20,232,000  40.5 

22,422,000  04.0 

24,272,000  40.9 

38,133,000  30.1 

32   765,000  32.0 


24,267,000        40.5       21,506,000  43.2 


20,532,000       41.^     -18,323,000  36.6 


29,996,000       60.0       26,090,000  52.2 


0  ,  26  3  ,  000  4  1  .  3       9  ,-482  ,  000  47  .4 

12,935,000  ^5.9       15,961,000^  31.9 

15,473,000  30.9       18,148,000  36.3 

17, 481, 000  35.0  il 9, 861, 000  39. 7 

18, 657, 000  37.  3       21, 817, 000  43.6 

23,384,000  23.4       26,341,000  26.3 


MidwGHt  plant  location  r<^pret?entn  project  beginning  mid-  1972  ,  ending 
mid-1975.     Average  cost  banin   for  scaling,   mi(l-  1  974  .     Minimum  in  pro- 
OGSG  fJtoraqe;   oniy  pumpn  are  apared.      Invootmrnt  requiremento   for  dio- 
pooal of   fly  aoh'  excluded .     Construction   labor  nhortagen  with'accom- 
panying  overtime  pay  incentive  not  considered. 
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>     I nvoo tmon t  floqui  rocon t o 

Dooulfur  1  zQt iQn  Procooooo  (McGloinory  and  Toro trick  1974) 

MagnooiQ  procooo        Sodium  procooo        Cat-Oat  procooo^ 


14,139,000  70.7  16,190,000  01,0  19,S37,000  97,7 

14,372,000  71.9  17,149,000  05,7  17,735,000  00.7 

26,026,000  52, 1  31,  200, 000  62. 4  37, 907, 000  75.0 

2  2,950,000  4  5.9  2  6,706,000  5  3.4  4  2,520,000  0  5.0 

26,406,000  52.0  30,491,000  61,0  42,736,000  05.5 

29,355,000  58,7  33,709,000  67.4  42,920,000  05.9 

30,717,000  00,7  47,721,000  47.7  62,913,000  62.9 

38  ,0  65  ,000  30.9  4  5^0  32  ,000  45.0  69, 809^000  69. 9 

« 

25,560,000  51.1  29,127,000  58.3 


32,213,000     64.4        37,957,000   75.9     43,816,000  07.6 


0,061,000  44.3  10,324,000  51.6  13,069,000  65.3 

12,695,000^  25.4  15,198,000  30.4  20,067,000  56.1 

16,0  80,000  3  2.2  10,94  5,000  3  7.9  20,2  7  7,000  56.6 

18,76  5,000  3  7.5  21,89  3,000  43.8  28,449,000  56.9 

20  ,  3  76  ,000  4  0.8  24  ,44  5,000  48.9  32  , 824  , 000  65.6 

23,6  56,000  23.7  28,765,000  28.8  46,3  56,000  4  6.4 


^  All  Cat-OK  inotallatlonn  roqulro  particulate  removal   to  0.005  gr/acf 
prior  to  entering   converter.     Becauoe  93tiQtinn  unito  are  aoaumed  to 
already  meet  EPA  ntandardo   (0.1   lb  particulato/MM  BTU  of  heat  input). 
Only  incremental  additional  precipitator  in  required. 
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Most  ut HI ties  and  vendors  today  will  eotlmate 
FGD  costs  of  $60-100/kw^  with  the  majority 
believing  that  the  coots  will  be  closer  to 
$100/kw. 

The  latest  investment  (December  1974)  figure 
for  the  FGD  system  being  installed  at  the  Ohio 
Edison  Bruce  Mansfield  plant  is  $133/kw.  These 
are  two-800  MW  coal  fired  boilers.  The 
breakdown  of  the  costs  is  given  in  Table  11-8. 
Ash  removal  and  disposal  costs  are  included  in 
the  $133/kw. 

McGlamery  has  also  published  cost  estimates 
of  "limestone  slurry  process  investment  with 
modified  scope^««  which  is  shown  on  Table  11-9. 
These  costs  are  intended  to  reflect  possible 
additional  capital  charges  associated  with  FGD 
systems;  and  include  such  items  as  overtime  to 
accelerate  th^  project,  replacement  of  energy 
consumed  by  the  FGD  system,  retrofit  difficulty 
etc.     The  total  of  these  potential  charges  is 
about  $60/kw.    Obviously  not  all  charges  are 
applicable  to  any  given  case,  but  the  point  is 
that  some  of  them  may  be,  and  the  capital 
charges  cited  above  of  $60-100/kw  may  not 
include  all  necessary  charges.     For  example^ 
provisions  for  redundancy  (item  D  of  Talple  11-9) 
may  be  needed  to  provide  adequate  assurance  of 
reliable  operation. 

A  major  component  (about  one-half  of  the 
operating  costs)   is  the  charge  to  reheat  the 
stack  gases  before  discharge  to  the  atmosphere. 
Experimental  data  now  becoming  available 
indicates  that  addition  of  magnesium  to  the 
scrubber  liquor  can  improve  sulfur  dioxide 
removal  efficiency  substantially  (e.g.  from  90 
to  95  percent) .     This  would  allow  bypassing  a 
small  amount  of  hot  gas  to  provide  at  least  some 
of  the  reheat  needed  for  the  scrubbed  gas  and 
therefore  reduce  operating  costs. 

Further  the  data  available  indicates  that  5 
to  7  percent  of  a  utility  plant's  power  outpilt 
will  be  required  by  an  FGD  system.     Aside  from 
enfergy  costs,  this  can  have  important 
implication's  in  estimating  reserve  capacity. 

0    As  pointed  out  in  Section  5.01\ponding 
increases  operating  costs  from  0.15  mills/kwh  to 
over  one  mill/kwh.     sludge  fixation,  instead  of 
ponding  will  further  increase  the  operting  costs 
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a/. 


)tal  Average 


TQt__   

Flue  Gas 
Excluding  Credit  for  Byproducts 


Yeara 
life 


) 


Case 

Coal- fired  power  units 

50%  removal ; onsite 

solids  disposal  d 
200  Mil?  new,  3.  5% 

sulfur 
200  r^W  existing, 

3.5%  oulfu-r 
500  r^W  existing, 

3.5%  sulfur 
500  mi  new, 2 . 0% 

sulfur  , 
500  r4VJ  new,  3.5% 

sulfur  ^- 
500  rW  new, 5. 0% 
sUlfur 
1000  mi  existing, 

3.5%  sulfur 
1000  r4W  newf  3.  5% 
sulfur 

30%  SO2  removal ; ons ite 
solids  disposal 
500  mi  new, 3.5% 
sulfur" 

90%  SO2  removal, 'Off site 
solids  disposal 
500  Ml'/  new,  3  .5% 
sulfur 


90%  SO2  removal  (existing 
unit  without  existing 
particulate  collection 
facilities)  ■ 
500        existing, 3. 5%  25 
sulfur 

Oil-fired  power  unit 

90%  SO2  removal;  onsite 
solids  disposal 
2  00  MW  new, 2 .5%  30 

.  sulfur 
500  m  new,   1.0%  30 
sul f ur 

500  Ml-J  new,  2.5%  30 
sulfur 

500  MVJ  new,  4.0%  30 
sul fur 

500. MW  existing,  25 
2.5%  sulfur 
1000  MW  new, 2.5%  30 
sul fur 


Limestone  process 
Total  annual 
operating  Mills/ 


Lx*:.^  process 


cost , $ 


kVJh 


To^al  annua  i 
operating 
co.^t .  $ 


9  ,  57  3,  400 


2,842,000 
4,732, 500 

5  ,  564  ,  400, 

6, 281,800 
6, 587, 300 
8  ,  987  , 400 


2.03 
1.  35 

1.  59 

1.79 
1.88 
1.  28 


9,728, 300 


3,413,500 
5,74*8,600 

6,852,800 

7  ,  742  ,  300 
8,001,500 
10  ,  795  ,  200 


Mills/ 
IcWh 


30 

3,921,500 

2  > 

80 

'* .  ip  J  ,  y  u' J 

2  . 

97 

20 

3, 867 , 100 

2. 

76 

4  ,  822  ,  000 

3. 

44 

2  5 

~i    0  Q 1  cnn 
/  ,  0  ^  ^  ,  b  1>U 

9  612   4  00 

2  . 

75 

30 

6,774,700 

1 

94 

6,915, 100 

1. 

30 

7, 702 ,700 

!2 

20 

8,101,900 

2 

31 

30 

8,522, 200 

2 

'4  3 

a, 170, 100 

2 

62 

25 

12,752,900 

1 

82 

15, 301, 400 

2 

19 

30 

11,874 ,100 

1 

.70 

12,553, 100 

1 

79 

30 

7  ,  378  ,  000 

2 

.  11 

7,806,900 

2 

.  23 

ft 

30 

8, 376 ,5D0 

2 

.  39 

8,641,000 

2 

.47 

2.44 
1.64 

1.96 

2.21 
2.  29 
1.  54 


a/  Power  unit  on-stream  time, 7000  hr/yr.  Midv/est  plant  location, 1975  operating 
~  costs. 
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Annual  Operating  .Coo to 

Dooulfurisation  Proceoooa  (McGlomory  an^g^orotrick  1974) 


MagnooiQ  procooo 
Total  annual 
operating  Millo/ 
coot,$  kWh 


Sodium  procQoa  Cat -Ox  procooo 

Total  annual  Total  annual 

operating         Millo/  operating  Millo/ 
coot,  $             kvm  coat,  $  KWh 


4,776,800 

3 

41 

5 , 971 , 700 

4 

27 

H  t  £  J  £  t  f  v\i 

3 

02 

5,091,200 

3 

64 

7, 377,700 

5 

27 

5,849 ,400 

4. 

18 

9,607 ,900 

2 

75 

14  ,650  ,000 

4 

19 

12, 399,600 

3 

54 

7,523,400 

2 

15 

9,101,700 

2 

60 

8,801,200 

2 

51 

9,210,600 

1 

63 

11,601, 500 

3 

31 

8,873,900  • 

2 

54 

10, 768, 500 

3 

Q8 

13,903, 300 

4 

00 

8 , 940, 500 

2 

55 

15,481,900 

2 

21 

25,118,500 

3 

59 

21,460, 800 

3. 

07 

14, 347,000 

e. 

05 

18, 391, 300 

2 

63 

13, 957,600 

1, 

*j 

99 

0,789,700 

2 

51 

10, 834 , 3P0  ' 

3 

10 

11,227, 300 


3.21 


16,  389,  200 


4.68 


13, 598, 300 


3,89 


3,204,400 
4,633,100 


2.  29 
1.  32 


4,269,200 
5, 854, 700 


3.05 
1.67 


2  ,750, 100 
5, 743, 600 


1.96 
1.64 


6,a92,700 


1.74 


8,  305,  100 


2.  37 


5,677, 500 


1.62 


7, 393,500 
7, 308,700 
9,715,900 


2.11 
2.09 
1.59 


10,640, 500 
10,261,600 
13,686,200 


3.04 
2.9  3 
1.96 


5,  565,100 
11, 126,100 
8,911,900 


1.  59 
3.18 
1.27 


InvGotment  and  opera ticp^  cost  for  diopooal  of  fly  ash  excluded. 
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table' 11-8  s 

Inotallation  Coot,  Bruco  r^anofiold  Plant, FIuq 
Gas  Desulf urization  System 

Scrubber  System 

Chemico  Contract  $32,000,000 

Foundationo,  Electrical,  I&C, 
Linings,  Oil  Storage,  Control 

^oom,  Erection  32,200,000 

Sludge  Ponds  with  Lining  2,500,000 

Lime  Dock,  Handling  and  Storage 

Facilitieo  11,700,000 

Chimney  with  Lining  7,600,000 

Subtotal  $86  ,000 ,000 

Distributables  '  18,300,000 

^Contingency  3,000,000 

Escalation  5,000,000 

Engineering  1,500,000 

Ov/ner's  Cost  Including  Allevi- 
ance  for  Funds  Djaring  Construc- 
tion 15.100,000 

Total  Scrubber  System  $128,500,000 

Off-site  Waste  Disposal 

Dravo  Contract  $59,500,000" 

Land,  Right-of-way,  Electrical, 
Calcilox  Harbor,  Grits  Conveyor, 
^.      Pipe  Rack  ^  2,800,000 

Subtotal  $62,300,000 

Contingency  6,000/000 

Escalation  5,300,000 

'    Dravo  Engineering  ,  4,000,000 

Ov/ner's  Costs  Including  Allowances 

for  Funds  During  Construction  6  ,700, 000 


Total  Off-site  Waste 
Disposal 


$84,300,000 
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(of  a  non-regenerable  FGD  system.)   For  example, 
a  cost  of  $4.50  per  ton  (wet  basis)  is  roughly 
equal  to  0.6  milLs/kwh.     As  a  rough  gui^e  EPA 
believes  that  if  the  cost  of  sludge  disposal 
exceeds  $4  to  $6  per  ton  (wet  basis) ,  a 
regenerable  process  which  recovers  a  useful 
byproduct,  will  be  more  economic  than  a  non-- 
regenerable  process.     (This  assumes  byproduct 
credit. ) 


7,1    Retrofit  Flue  Gas  Desulf urization  Systems 

Cost  estimation  for  retrofit  FGD  systems  is 
extremely  difficult  because  of  the  wide 
variation  in  specific  details  for  each  powet  ' 
plant.     The  most  recent  studies  have  been 
completed  by  RaCdian  Corporation,  which  extended 
and  complemented  a  previous  study  by  M.  W. 
Kellogg,  and  a  second  study  by  Kellogg.  Radian's 
study  was  completed  in  December  1973  and  was 
primarily  addressed  to  the  utility  industry  in 
Ohio.     However,  the  conclusions  reached  are 
probably  applicable  to  the  eastern  U.S.  Radian 
studied  retrofitting  of  lime/limestpne 
processes,  the  magnesium  oxide  process  and  the 
Wellman-Lord  process.    They  concluded  that  th^B 
space  requirements  and  ease  of  retrofit  should 
not  vary  significantly  with  the  process  selected 
(of  those  considered) . 

Space  required  for  the  scrubbing  section  of 
the  process  is  the  major  concern  in  retrofit 
since  this  equipment  must  be  placed  adjacent  to 
the  stack.     Process  equipment  outside  of  the 
scrubber  area  is  of  less  concern  to  the  retrofit 
problem  since  it  can  usually  be  located  on  the 
peripheral  areas  of  the  plant.     In  some  cases 
vertical  space  limitation^)  may  cause  problems, 
but  this  should  not  occur \ in  most  plants  where 
retrofit  is  possible.  \ 

Radian  estimated  that  ^f  both  hold  tanks  and 
scrubbers  are  placed  adjacent  to  the  stack,  a 
plot  area  of  45  square  feet/MW  will  be  required. 
If  the  hold  tanks  can  be  placed  on  the  periphery 
of  the  powerhouse  (or  placed  directly  under  the 
scrxabbers)  ,  Radian  estimates  a  requirement  of 
23.8  square  feet/MW.    This  estimate  was  made  for 
a  550  MW  power'  plant,  but  the  unit  space 
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requiremento  {8q.  ft./MW)   are  probably  fairly 
independent  of  power  plant  size. 

Radian  then  studied  in  some  detail  the  power 
plants  in  the  state  of  Ohio,  using  as  a 
criterion  that  any  unit  w^th  an  available  area 
less  than  20  square  feet/MW  can  be  retrofitted 
only  with  gre^  difficulty  (if  at  all)  .  The 
data  on  utility  plant  size  and  plot  av«<i-Htiity 
was  taken  from  the  first  KeHoc^g  study,    a  high 
percentage  of^ large,  new  boilers  have  sufficient 
space  for  flue  gas  cleaning  systems.    More  than 
87  percent  of  the  surveyed  unit;s  ten  years  old 
or  lesQ  may  be  retrofitted.    About  85  percent  of 
capacity  In  existing  units  larger  than  500  MW 
have  sufficient  space. 

In  terms  of  total  capacity,  about  <70  percent 
can  be  retrofitted  by  including  only  boilers 
less  than  20  years  old  or  greater  than  100  MW 
capacity.    About  74  percent  of  the  total 
capacity  surveyed  had  available  area  equal  to  or 
greater  than  20  square  feet/MW.     The  results  of 
the  study  are  shown  graphically  in  Figure  11-8. 

Two  fairly  detailed  cost  estimates  were  made 
in  1973  comparing  costs  for  new  and  retrofit 
F<3D.     One,  done  for  EPA,  by  Catalytic 
Incorporated  (Jain  1972)   estimated  a  30  percent 
greater  price  for  a  retrofit*.   Radian  compared 
two  designs  for  FGD  systems  done  by  the  same 
vendor   (Babcock  and  Wilcox) —Commonwealth 
Edison" s  will  County  and  Kansas  City  Power  and 
Light  La  Cygne  Station.     After  adjusting  for 
size  difference  (using  curves  developed  by 
Radian) ,  they  concluded  that  the  actual  cost 
increase  due  to  retrofit  was  23  percent. 
McGlamery's  and  Torstrick»s  (1974)   data  and 
estimates  suggest  that  a  25  -  30  percent  cost 
increase  would  seem  to  be  typical. 

Radian  also  presented  estimates  of  the 
incremental  cost  trends  for  flue  gas  cleaning  in 
the  stat^  pf  Ohio.     The  combination  of  higher 
unit  investment  costs,  low  load  factor  and  short 
operating  life  results  in  a  dramatic  increase  in 
"incremental  control  costs"  associated  with  the 
degree  of  retrofit.     Incremental  costs  are  those 
associated  with  moving  from  larger  new  units  to 
smaller  old  units,     since  most  of  the  capacity 
is  less  than  20  years  did  or  greater  than  ^00  MW 
in  size,  the  incremental  present  cost  of  flue 
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gas  cleaning  remaino  conotant  for  most  unito, 
Aa  smaller,  older  units  are  included  in  further 
retrofit  capacity,  incremental  control  cooto 
escalate  -rapidly • 

Figure  11-9  illuGtrateo ,thio  concept.     The  data 
was  developed  for  the  state  of  Ohio,  but  io 
probably  in  line  with  the  Eastern  U.S.,  since 
Ohio  boilerQ  account  for  about  14  percent  of  the 
total  UoS,  oulfur  emiooions  from  coal-fired 
generating  capacity. 

The  second  Kellogg  study  investigated  retro- 
fitting a  limestone  process  at  eight  specific 
plants.     They  estimated  installed  costs  of  $40 
to  $100/kw,  excluding  the  cost  of  the  pond  ($7 
to  $12/^w)  and  the  price  of  the  land.  The 
report  also  states  that  the  overall  accuracy  of 
the  estitotes  is  30-35  percent  with  very  little 
probability  of  underrun.     Further  no  space 
scrubbing  capacity  was  installed.  Consideration 
of  escalation  factors,  and  the  comments  above 
would  suggest  that  the  Kellogg  estimates  would 
provide  a  comparable  retrofit  cost  as  suggested 
by  McGlamery  and  Radian,  i.e.  a  30  percent 
increase  from  new  plant  costs  which,  in  turn  are 
$60  -  $100/kw  with  $100/kw  being  moat  likely. 

^^8.0     INSTITUTIONAL  BARRIERS  TO  THE  APPLICATION^ 
OF  SULF|m  OXIDE  CONTROL  SYSTEMS  , 

There  have  Ipeen  two  recent  studies 
discussing  institutional  barriers  to  the 
installation  of  FGD  systems.     These  have  been 
done  by  EPA  (SOCTAP  1973)   and  by  Radian 
Corporation.    The  SOCTAP  report  is  much  more 
detailed  than  the  Radi,£in  teport  but  both  reach 
eesenti^ally  the  same  conclusions,  which  are 
summarized  below. 

Typically  utilities  required  about  a  20 
.percent  reserve  capacity  within  a  power  region. 
In  1972  the  actual  reserves  were  between  7.8  and 
24.3  percent,  and  about  15  percent  on  the  east 
coast.     Installation  of  FGD  systems  requires 
about  5  to  7  percent  of  the  utility  plant  output  ^ 
and  this  will,  of  course,  eventually  decrease 
the  reserve  capacity. 

In  existing  plants,  scrubbers  would  have  to 
be  installed  during  a  shutdown  and  take  into 
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/account. the  reoerveo  available,    it  has  been 
^   estimated  that  (because  of  these  scheduling 
difficulties)  no  .more  than  10  to  20  percent  of 
the  capacity  can  be  retrofitted  each  year. 

Most  utilities  do  not  yet  feel  that  they 
will  be  directly  involved  in  chemical 
processing,   (either  80x  control  technology  or 
chemical  cleaning  of  fuels) ,  and  their 
engineering  staffs  have  remained  relatively 
unchanged.    There  is  a  general  feeling  in  the 
utilities  that  they  can  ultimately  rely  on  the  •  ■ 
vendors;  yet  there  is  general  skepticism  of  the 
vendors*  claims  at  this  time,     if  a  decision  Iq 
made  at  the  management  lev^l  that  the  utilities 
must  turn  to  stack  gas  scrubbing  as  an  abatement 
strategy,  there  will  be  heavy  demand  for  in- 
house  engineering  talent  to  prepare 
^ecifications,  review  bids,  provide  liaison 
during  the  construction  and  shakedown  phases, 
and  assume  responsibility  foi;  reliable  operation 
of  the  scrubbers.     That  type  of  manpower  wilJL 
probably  be  in  a  very  short  supply. 

Similarly,  most  utility  companies  do  not 
have  available  on  their  staffs  a  supply  of 
chemical  process  engineers.    This  manpower  must 
be  available  to  provide  technical  service 
capabilities  and  maintenance  capabilities  which  - 
are  absolutely  essential  to  keeping  FGBsystems 
operating  once  they  are  installed. 

Currently  there  are  about  15  vendors  that 
have  some  established  expertise  in  flue  gas 
desulfurization  and  of  these  three  or  four  have 
substantial  experience  and  the  capability  to 
expand  their  services  rapidly.     This  would 
suggest  that  the' data  given  in  Appendix  11, 
showing  new  scrubber  installations,  provides  a 
reasonable  estimate  of  the  possible  rate  of 
installation — some  20  or  so  installations  per 
year.    Radian  has  estimated  that  'vendors  can 
produce  3-5  systems  per  year  each.  Radian's 
report  also  states  that  three  specific  vendors 
felt  they  could  only  have  a  combined  total  of  30 
systems  on  line  within  three  years  of  the 
contract  award. 


ErJc    .  50,- 


ACKNOWLEDGMENTS 

Tte  authorQ  of  thii^  chapter  gratefully 
acknowledge  asslGtance  of  many  individuals^ 
especially  Messrs.  Frank  Princiotta,  Gary 
Rochelle^  Robert  Borgwardt^  Richard  Engdahl^ 
Harvey  Rosenberg^  Gerald  A.  Hollinden^  and  R.  P. 
Van  Neiss^  who^  gave  freely  of  thedr  time  in 
numerous  telephone  conversations.  Also 
acknowledged  with  gratitude  is  the  privilege  of 
seeing    while  on  visits  to  a  number  of  scrubbing 
installations^  unpublished  reports  prepared  by  a 
team  at  Battel le  Memorial  Institute  under 
contract  to  the  Electric  Poyer  Research 
Institute^  as  well  as  permission  to  use  the  data 
contained  therein. 


^  FOOTNOTES 

1  Trouble  from  formation  of  this  type  of  scale 
was  one  of  the  problems  that  led  to 

.  abandonment  of  the  process  using  a  scrubber 
that  followed  a  boiler  into  which  limestone 
was  injected.     The  procedure  introduced  free 
lime  directly  into  the  scrubber. 

2  Jt  is  noteworthy  that  the  beneficial  efe^ct 
of  magnesium  ions  was  not  mentioned  during 
hearings  held  in  March  through  May  of  197a 
by  Hearing  Examiners  of  the  Ohio 
Environmental  Protection  Agency.  Indeed^ 
testimony  was  heard  concerning  the  question 
whether  or  not  adequate  supplies  of 
limestone  of  low  magnesium  content  were 
available.  / 


^PENDIXJ1-A 


1.0     CONTROL  OF  EMMISSIONS  OF  SULFURIC 
ACID  VAPOR  AND  MIST 

Why  have  Qulfate  particulates  in  New  Yoirk 
City  air  remained  substantially  constant  over 
the  past  decade,  while  sulfur  oxide  emissions 
have  decreased  more  than  85  percent?  Any 
examination  of  this  question  ought  to  consider 
the  hypotheoia   (Heller  1975)  that  emissions  of 
sulfuric  acid  vapor  and  mist  in  New  York^City 
have  declined  nowhere  nearly  in  proportion  to 
the  decline  in  sulfur  content  of  the  fuel. 

The  data  that  it  was  possible  to  gather  in 
the.  time  available  tend  to  confirm  the 
hypothesis,  and  point  to  need  for  experimental 
studies  to  determine  sulfur  dioxide  emissioiis 
from  representative  space  heating  equipmpn*- 
New  York  City  while  it  burns  oil  containing  0.3 
per  cent  sulfur,  the  level  presently  in  use. 
Measurements  would  have  to  extend  over  a  period 
of  time,  to  recoghize  the  rather  wide  variations 
in  Sulfur  dioxide  production  that  might  be 
expected  at  different  firing  rates  and  with 
upsets  in  the  firing  conditions. 

Additional  mfeasurements  at  the  higher  sulfur 
levels  typical  of  oils  fired  10  years  ago  would 
De  needed  for  comparison. 

It  would  appear  that  emissions  of  sulfuric 
acid  vapor  and  lAst  are  typically  much  less  for 
f^i'  i"''?  than't^for  oil  firing,  eveh  when  coal 
at  high  sulfur  level  is  compared  with  oil  at 
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much  lower  oulfur  level.    Thio  raises  the 
queotion  whether  or  not  the  incidence  of  acid 
rains  in  Sweden  late  in 'the  1950*o  (ErikPson 
1971)  alight  have  not  have  been  aooociated  with 
the  massive  conversion  from  coal  to  oil  that 
togk  place  in  Sweden  at  about  that  time.  A 
oimilar  queotion  would  be  raioed  concerning  the 
acid  rains  of  the  northeastern  United  States  in 
recent  years. 

1.01    Production  of  Sulfur  Trioxide 
during  Combustion 

The  production  of  sulfur  trioxide  in  a 
furnace  or  boiler  can  vary  widely,  as  data  for 
oil  and  coal  firing,  to  be  presented  in  Section 
4.03  and  4.05,  will  illustrate.    This  section 
will  introduce  the  subject  briefly. 

Sulfur  trioxide  can  be  a  marked  function  of 
the  age  of  a  combustion  device,  its  design,  4nd 
the  method  of  firing.     For  a  given  device,  it  is 
a  function  of  sulfur  level  in  the  fuel  when  a 
fuel  of  a  given  type  is  fired  at  varying  sulfur 
content.     In  comparing  different  combxiation 
devices,  the  sulfur  content  of  the  fuel  can  be 
far  outweighed  in  importance  aa  a  factor 
affecting  sulfur  trioxide  production  by  such 
things  as  the  degree  of  excess  oxygen  and  by  the 
method  of  mixing  of  fuel  with  the  oxygen 
(Jackson  et  al.   1969,  Krause  1959). 

One  mechaniGm  for  proddcing  su     ar  trioxide 
operates  at  the  temperature  of  the  tlame  (Krause 
1959,  Widersum  1967,  Brown  1966,  Widell  1953, 
Williams  1964,  Barrett  et  al.   1966) .  Sulfur 
dioxide  reacts  with  atomic  oxygen  to  yield 
concentrations  of  sulfur  trioxide  that 
paradoxically  exceed  the  thermodynamic 
equilibrium  yield  for  reaction  of  sulfur  dioxide 
with  elemental  oxygen  at  the  temperature  of  the 

flame.  jj 

The  equilibrium  conversion  of  Sulfur  dioxide 
to  Sulfur  trioxide  increases  as  the  temperature 
in  the  flue  gas  drops.     For  the  amounts  of 
excess  combustion  air  that  *are  noEmally 
supplied^  the  equilibrium  conversibn  closely 
approaches  100  percent  at  normal  stack 
temperatures.     Catalytic  conversion  becomes 


important  at  lower  temperatures,  eopocially.  it 
would  appear  in  the  general  temperature  range 
between  about  1200  degrees  and  700  degreeo  F 
(Krauoe  1959,  Wideroum  1967,  Barrett  et  al. 


1.02  converoion  of  sulfur  Trioxide 
to  Sulfuric  Acid  Vapor 

Below  about  750  degreeo  F,  oulfur  trioxide 
combines  with  water  vapor  in  thcTflue  gao  to 
form  sulfuric  acid  vapor  (Gundry  et  al.  1964). 

If  the  flue  gas  were  to  be  cooled 
indefinitely,  a  temperature  would  be  reached  at 
which  a  miot  of  sulfuric  acid  particles  would 
begin  to  appear  in  the  gas.    This  temperatiiVe  is 
termed  the  dew«-point  of  the  flue  gas,  and  is  a 
function  of  both  tho  concentration  of  sulfuric 
acid  vapor  in  the  gas  and  also  the  concentration 
of. water  vapor.    Mullor-s  relatic»i  for' dew-point 
versus  sulfur  trioxide  of  flue  gas  appears  to 
have  been  confirmed  by  the  best  available  data 
and  to  have  general  support  among  workers  on  the 
subject   (Lisle  and  Oensenbaugh  1965,  Dismukes 
1975) .     Another  view  (Gimitro  and  Vermeulen 
196a)   reflects  the  complexity  of  the 
thermodynamic  situation,  and  there  is  room  for 
further  research. 

Small  combustion  devices,  such  as  equipment 
for  space  heating  and  small  industrial  boilers, 
generally  operate  at  stack  temperatures  far 
above  the  dew-point,  so  that  substantially  all 
emissions  of  sulfur  trioxide  from  small  devices 
are  in  form  of  oulfuric  acid  vapor.  This  would 
be  true  for  coal  or  oil  firing. 

La^ge  utility  boilers  fired  with  oil 
frequently  operate  at  a  stack  temperature  just 
above  the  dew-point,     if  the  temperature  were 
allowed  to  fall  below  the  dew-point,  serious 
corrosion  of  heat  transfer  surface  in  the  air 
heater  would  occur.     The  dew-point  is  lower  if 
the  combustion  uses  less  excess  air  (see  Section 
1.04). 

Large  utility  boilers  fired  vdth  coal  are 
able  to  operate  at  lower  stack  temperatures, 
without  serious  air  heater  corrosion,  than  are 
generally  possible  for  oil-fired  units,  except 
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for  units  that  use  low  excess  air.    The  lower 
stack  temperatures  possible       coal- fired  units 
at  usual  amounts  of  excess  «r  may  in  part 
reflect  a  smaller  production  of  sulfur  trioxide^ 
but  also,  they  seem  to  reflect  an  uptake  of 
sulfuric  acid  vapor  by  adsorption  upon  fly  ash 
or  reaction  with  alkaline  material  in  fly  ash. 
Emissions  of  sulfuric  acid  vapor  or  mist  are 
genially  lower  for  coal-fired  boilers ,  unless 
the  comparison  is  with  an  oil-fired  unit  at  low 
excess  air.    Total  sulfate  emissions,  of  course, 
are  significantly  lower  for  a  coal- fired  unit 
only  if  an  eff icieuL  electrostatic  precipitator 
or  an  efficient  scrubber  is  provided  €o  remove 
fly  ash. 


1.03    Levels  of  Sulfur  Trioxide 
in  Flue  Gas  from  Oil  Firing 

The  wide  variation  in  production  of  sulfur 
trioxide  in  oil-fired  furnaces  can  best  be 
^appreciated  by  discussing  in  turn  the  several 
experiments  for  which  data  are  summarized  in 
Figures  App.  11-A  1  and  2. 

The  hour  glass  symbbl     I   in  Figure  App.  11- 
A1  indicates  the  range  of  data  for  firing 
natural  gas  spiked  %ri. th  H2Sr  to  simulate  fuel  at 
1,   2.5,  and  6  percent  sulfur,  in  a  sm^ll 
laboratory  combustor  (Barrett  et  al.  1966) .  The 
unit  had  stainless  steel  walls  cooled  to  500  F, 
and  the  stairfless  steel  surface  at  this 
temperature  was*  demonstrated  to  lack  any  cata- 
lytic virtue  for  conversion  of  Sulfur  dioxide 
and  sulftir  trioxide.    The  tests  were  conducted 
at  15  Percent  excess  air,  and  the  data  represent 
the  production  of  Sulfur  trioxide  in  the  flame 
itself,  unaided  by  catalytic  effects,  for  th6 
specified  experimental  conditions. 

The  open  and  closed  triangles,     A   and  ,  ^ 
Figure  App.  11-A1  are  data  for  combustion  of  oil 
in  a  small  laboratory  furnace  with  a  refractory 
lining   (Crumbley  and  Fletcher)  which  tindoubtedly 
contributed  some  catalytic  effect  (Barrett  et 
al.  1966).     The  open  triangles  are  for  operation 
at  a  furnace-wall  temperature  of  2300  F.  The 
closed  triangles  are  for  2010  F,  illustrating 
the  pronounced  effect  of  firing  procedure  upon 
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PERCENT  SULFUR  IN  FUEL 


FIGURE  App.   11-Al:     Sulfur  Trioxide  Levels  in 
Flue  Gas  from  Careful  Laboratory  Studies  or 
Combustion  of  Oils   (the  Triangles)   and  of 
Natural  Gas*Spiked  with  Hydrogen  Sulfide  (the 
Hour  Glass  Points). 
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PERCENT  SULFUR  IN  FUEL 


FIGURE  App.   11-A2:     Sulfur  Trioxide  Levels  in 
Flue  Gas  from  Oil  Combustion  in 

(a)  Laboratory  Furnace  Tests   (the  Circles) 
More^/Nearly  Representative  of  Practical 
Small-Scale  Combustion  Devices,  and 

(b)  Small,  Industrial  Boilers   (the  Remain- 
ing Points) ,  between  4  0  and  175  Thousand 
Pounds  per  Hour  of  Steam. 

(See  text  for  explanation  of  test  arrangements) » 
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sulfur  trioxide  production  in  the  same  furnace. 
Hie  series  of  experiments  at  2300  F  gave  67  ppm 
Sulfur  trioxide  at  3  percent  sulfur  in  oil. 

If  each  of  the  three  carefully  done  « 
laboratory  testa  for  which  data  are  presented  in 
Figures  is  considered  in  isolation,  a  smooth 
curve  can  be  dr^*m  through  each  set  of  data  that 
includes  the  origin. 

The  open  circle    o    in  Figure  App.  11-'A2 
give  data  for  a  small  laboratory  furnace  with  a 
refractory  lining  (Rendle  and  Wildsdon  1956), 
The  combU8%ion  chamber  was  stated  to  be  at  1830 
F.     Each  point  plotted  for  this  furnace  in 
Figure  App.   11-A2  is  the  average  of  Sulfur 
trioxide  readings  for  a  sample  of  gas  taken  from 
the  combustion  chamber  and  a  sample  taken  from  a 
"cool"  exit  chamber  at  about  650  F.     The  tests 
used  25  percent  epccess  air.    Fuels  were  a 
variety  of  oils,  both  oils  inherently  containing 
sulfur,  and  oils  to  which  sulfur  was  added  in 
form  of  carbon  disulfide.     The  data  shown  by  the 
circles  in  Figure  App.     11-A2  are  probably  more 
nearly  representative  of  the  performance  of 
practical  small-scale  oil-fired  combustion 
devices  than  the  data  of  the  more  carefully  done 
laboratory  tests  given  in  Figure  App,  ll-^AI. 

The  closed  squares   ■     in  Figure  Ap^.  11-A2 
are  data  for  an  industrial  boiler  able  to  supply 
about  50,000  Ibs/hr  of  steam  (Corbett  1953). 
Each  of  the  four  points  at  the  higher  sulfur 
levels  in  the  oil  is  an  average  of  15  to  20 
readings  for  samples  taken  at  several 
temperature  levels  in  the  boiler  and  at  several 
steaming  rates.     The  point  at  0.75  percent 
sulfur  is  deduced  from  an  average  of  dew-point 
readings  for  several  steaming  rates,  judging 
from  the  average  dew-points  for  the  operations 
at  the  higher  sulfur  levels.    The  excess  air 
ranged  upward' from  about  12  percent. 

The  open  square   □     is  for  a  aO^OQO  Ibs/hr 
industrial  boiler  burning  2  percent  sulfur  oil 
at  about  25  percent  excess  air  (personal 
communications  from  confidential  source  1975) • 

The  oppn  and  closed  Maltese  crosses,  tgi  and* 
are  for  two  larger  industrial  boilers,  for 
175,000  and  130,000  Ibs/hr  of  steam 
respectively,  at  about  10  percent  excess  air 
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(Dichl  and  Luksch  1964).     (These  are  boilers  B 
and  C  respectively  In  Figure  App.   11 -A3). 

A  feature  of  the  data  Is  that  the  production 
of  sulfur  trioxlde  remains  above  about  8  ppm  of 
sulfur  trioxlde  In  the  flue  gas  from  the  lowest 
sulfur  level  in  oil  that  was  reported. 

Although  the  careful  laboijatory  tests  ylelgl 
data  consistent  with  gentle  curves-  that  Included 
the  origin^  the  rougher  tests  Illustrated  In 
Figure  2  App.   11-A2  suggest  that  a  high 
percentage  of  the  sulfur  In  a  low-sulfur  oll^ 
even  an  oil  at  0.3  percent  sulfur^  can  sometimes 
be  converted  to  sulfur  trloxid^.     Notice  that 
.the  dashed  lines  in  Figures  App.   11-A1  and  2 
represent  very  approximately  1  percent  conver- 
sion of  sulfur  dioxide  in  flue  gas  to  sulfur 
triojcide^ 

It  is  possible  to  suppose  that  the  situation 
in  respect  to  space  heating  equipment  and  other 
small  furnaces  in  New  York  City  may  be  worse^ 
possibly  even  much  worse,  than  the  data  of 
^  Figure  App.    11-A2  might  suggest. 

An  old  oil-fired  boiler  is  reported  to 
convert  typically  5  percent  of  the  sulfur  to 
sulfur  trioxlde  when  using  oil  at  2  percent 
sulfur   (Weir  1975) .     After  a  thorough  cleaning, 
this  boiler  characteristically  does  not  make 
much  sulfur  trioxide  for  a  week  or  so,  but 
conversion  to  sulfur  trioxide  is  renewed 
thereafter.     The  boiler  burned  oil  containing 
vanadium.     Similar  etfects  of  cleaning  and  time 
of  operation  upon  sulfur  trioxide  levels  have 
been  reported  by  others   (Crumley  and  Fletcher) , 
as  well  ^s  excursions  upward  in  sulfur  trioxide 
production  with  chcinges  in  load  (Jackson  et  al. 
1969)  . 

Iron  rust  is  catalytic  toward  the  conversion 
of  sulfur  dioxide  to  sulfur  trioxide  (Krause 
1959,  Barrett  et  al.   1966).     Vanadium  fly  ash 
has  also  been  shown  to  be  catalytic.  Small- 
scale  tests  have  shown  conversions  as  high  as  20 
percent  of  the  sulfur  in  a  Venezuelan  residual 
oil  when  residence  time  of  about  4  seconds  was 
provided  in  the  600  to  1000  F  temperature  range 
(Kapo  et  al.   1973),  and  conversions  beyond  90 
even  for  oils  containing  very  little  vanadium 
percent  were  observed  at  a  residence  time  of 
about  1  minute   (Kapo  1975). 
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Old  combuotion  equipment  in  New  York  City 
may  well  be  characterized  by  vanadium  fly  ash 
deposits  and  rust.     Space  heating  equipment 
generally  operateo  at  efficiencies  no  better 
than  about  70.  to  75  percent^  so  that  stack 
temperature  can  be  expected  often  to  be  in  a 
range  where  catalyti^e  effects  can  operate.  Tall 
buildings  mean  tall  flues^  and^  often^  a 
relatively  long  residence  time  for  conversion  to 
occur. 


•.Oa    Control  of  Sulfur  Trioxide  Emissions  from 

Oil  Firing  ^ 


l.oai     LOW  Excess  Air 

A  control  measure  accessible  to  the  operator 
of  a  large  utility  boiler^  and  not  to  the  user 
of  small  combustion  equipment,  is  the  limitation 
of  excess  air.     Figure  App.   11-A3  illustrates 
the  sharp  decline  in  Sulfur  trioxide  when  t^he 
excess  air  is  reduced  below  about  10  percent. 

Two  curves  are  shown  in  Figure  App.  11-A3 
for  boiler  A  (Jackson  et  al.   1969).     The  lower 
Sulfur  trioxide  values  were  for  i  fairly  usual 
firing  arrangement.     The  upper  values  were 
observed  whep  special  means  were  introduced  to 
obtain  intimate  mixing  of  oil  and  air,  in  order 
to  acheive  "better"  combustion  conditions.  A 
sister  boiler  produced  over  100  ppm  Sulfur 
trioxide  at  1.5  percent  oxygen  in  flue  gas 
(Jackson  et  al.     1969)  . 

Two  sets  of  curves  are  given  in  Figure  App. 
11-A3  for  boilers  B  and  C   (Diehl  and  Luksch 
1964) .     The  decrease  in  sulfur  trioxide  when 
0.72  percent  sulfur  oil  was  substitutes  for  oil 
at  2.05  percent  sulfur  was  not  in  proportion  to 
the  fjulfur  level  in  the  two  oils.     As  before,  in 
connection  with  Figure  App.   11-A2,  one  is  led  to 
the  conclusion  that  sulfur  trioxide  emissions 
fron  the  firing  of  oil  at  0.3  percent  sulfur 
will  not  be  ^i^egligibly  small  at  the  levels  of 
excess  air  u^al  in  small  combustion  equipment. 

Boiler  D  nad  a  "standard"  firing  arrangement 
(Jackson 'et  a\.   1969) .     The  low  emissions  of 
sulfur  trioxide  from  this  boiler,  as  well  as  the 
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FIGURE  App.  11-A3:  Sulfur  Trioxide  in  Flue 
Gas  from  Boilers ^at  Low  Excess  Air.  (Note: 
Data  for  boilers  A  and  D  are  from  Jackson  et  al. 


[1969].  Data  for  boilers  B  and  C  are  from 
Diehl  and  Luksoh  [1964]). 
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comparison  of  emissions  from  boiler  A  with 
" Stan dard«<  and  "improved"  combustion,  lead  to 
thfe  Impression  that  sulfuric  acid  vapor 
emissions  might  be  reduced  by  appropriate 
adjustments,  as  yet  riot  wel'l  understood,  in  the 
firing  practice. 

That  emissions  from  large  utility  boilei:g 
can  be  kept  small  be  proper  firing  at  low  levels 
Of  excess  air  is  illustrated  by  the  following 
data  (personal  communication  from  a  confidential 
source  1975) :  ^ 

Bo4;^er  Size    X  S  in  Oil     %  o2  in  Flue  Gas  ppm  S03 

2. 5X  TTm   2  

2.5X  3 

1.7X  0.8 

2.3X  1.7 

200.MW  0.8X  1.5X        •  2.6 

aOO-MW  0.9X  2.5X  3.5 

The  first  four  sets  of  data  ^hlxe  from  tests  on 
the  same  tOO-MW  boiler. 

It  should  be  appreciated  that  operation  at 
low  excess "air  requires  extreme  care  and  good 
control  procedures.     There  is  risk  that  failure 
of  the  air  rate  to  track  changes  in  fuel  rate 
will  lead  to  a  fuel-rich  mixture  and  development 
of  an  explosive  gas  mixture  in  the  boiler.  The 
difficulties  become  serious  below  about  5 
percent  excess  air^  and  routine  operation  at  3 
percent  excess  air  would  demand  the  utmost 
caution. 


1.042  Scrubbing 

.  A  10-MW  l^orizonal'  scrubber  (see  Chapter  11, 
Section  2.12)   on  an  old  oil-fired  boiler  some- 
times receives  sulfuric  acid  mist  at  50xppm  when 
oil  at  2  peicent  sulfur  is  used.     The  efficiency 
of  removal  is  typically  50  percent   (Weir  1975), 
although  the  efficiency  has  been  varied  by 
changes  in  scrubber  operating  parameters. 
Presumably  higher  removal  efficiencies  can  be 
acheived  by  operating  the  scrubber  at  greater 
drop  ^n  pressure  in  the  flue  gas  being  treated. 


If  the  primary  object  of  a  Qcrubber  on  an 
oil-fired  boiler  is  to.  achieve  a  plume  of  low>'^ 
opacity^  rather  than  to  remove  sulfur  dioj^ide^ 
then  scrubbing  [riay  be  more  difficult  for  oil 
combustion  than  for  coal.    The  particle  size  of 
ash  resulting  from  oil  firing  is  typically  0.1 
tp  0.3  micron^  much  smaller  than  the  fly  ash 
from  coal  combustion.     As  the  gas  is  cooled  for 
scrubbing,  the  oil  ash  serves  as  condensation 
nuclei  for  sulfuric  acid  vapor   (Weir  1975).  A 
removal  efficiency  for  the  oil  ash  beyond  about 
50  percent  may  be  difficult  to  acheive. 


1.043    Electrostatic  Precipitation 

Tests  by  Consolidated  Edison  Company  of  New 
York   (Ramsdell  1975)   have  shown  that 
electrostatic  precipitators  working  at  about  30^ 
F  on  flue  gas  from  firing  of  oil  at  1  percent 
sulfur  can  provide  a  collection  efficiency  of 
about  50  percent.     The  collected  material 
comprised  oil  ash  particles,  typically  0.1  to 
0.3  micron  in  size,  on  which  some  sulfuric  acid 
vapor  had  condensed.     The  amount  of  sulfuric 
acid  removed  in  this  way  is  not  known- 

Operation  of  the  precipitator  at  this 
temperature  level  is  difficult,  and  Con  Edison 
does  not  normally  keep  the  precipitators  in 
service.     The  difficulty  arises  from  the 
hygroscopic  character  of  the  ash  particles 
collected  and  their  tendency  to  form  a  gummy 
mass. 

It  may  be  noted  that  Con  Edison's  preci- 
pitators are  unusually  large,  having  been 
increased  in  size  during  the  latter  1960's  to 
afford  99+percent  collection  efficiency  fov  fly 
ash  frpm  combustion  of  low-sulfur  coal. 

One  of  Con  Edison's  precipitators,  on  its 
Ravenswood  No.   3  boiler,  was  installed  to  work 
at  about  700  F.     It  afforded  test  efficiencies 
between  99.2  and  99.6  percent  when  working  some 
years  ago  on  coal  containing  1  percent  sulfur, 
the  results  averaging  at  99. U  percent. 

A  test  of  this  precipitator  on  ash  from  oil 
of  1  percent  sulfur  ^ave  an  efficiency  of  75 
percent.     A  fire  in  an  ash  hopper  has 
temporarily  put  this  precipitator  out  qf 
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service,  and  illustrates  another  difficulty  in 
the  handling  of  pil  ash. 

A  precipitator  operating  at  700  F  ddes^ot 
prevent  sulfuric  acicj  vapor  from  reaching  the 
environment,  for  either  coal  or  oil  firing. 


l.Oaa  Additives 

For  many  years.  Long  Island  Lighting  Co. 
has  injected  finely  divided  magnesium  oxide  into 
boilers  fired  with  high-sulfur  Venezuelan 
residual  oil.     The  effect  is  to  suppress  sulfur 
trioxide  emissions  and  to *capture  vanadium  in 
form  of  magneisium  vanadate.     The  company  enjoys 
a  considerable  revenue  from  sale  of  the 
vanadium-rich  fly  ash,  and  indeed,  supplies  a 
significant  fraction  of  the  nation^s  requirement 
for  vanadium. 


1.045    Control  of  Small  Combustion  Equipment 

control  of  sulfuric  acid  vap6r  emissions 
from  Small  oil-fired  combustion  devices  may  not 
be  easy.     In  any  case,  measurements  are  needed 
before  too  much  thought  is  given  to  control 
procedures  afid  appropriate  levels  of  control. 

It  is  possible  that  a  good  measure  of 
control  may  be  obtained  simply  by  subjecting 
such  devices  an^  ^-heir  flues  to  a  thorough 
cleaning. 

It  might  be  added  th^t  space  heating  equip- 
ment accounted  for  about  57  percent  of  sulfur 
oxide  emissions  in  1973  in  New  York  city. 
Electricity  generation  .accounted  for  about  37 
percent. 


1.05    Control  of  Sulfate  Particulate  Emissions 
from  Coal  Firing 


1.051  Precipitation 

A  summary  of  data  for  a  large  number  of 
boilers   (Rosohl  1956)   suggests  that  dew-points 
for  flue  gases  from  coal  firing  are  generally 
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far  be'ldw  those  of  oM  firing  at' usual  levels  of 
^cess  air. 

The  differences  may  arise  not  so  much  from  a 
lower  production  of  Sulfur  diovide  in  a  coal 
flame  as  from  a  tendency  for  the.  vapor  pressure 
of  sulfuric  acid  to  be  *^nsiderably  lower  in  the 
presence  o-f  fly  ash.     Data  suggestin'g  such  a 
tendency  have  been  rejported  for  a^  boiler  fitted 
'  with  an  electrostatic  precipitator  working  at 
about  95  percent  efficiency   (Archbold  1961) • 
The  level  of  sulfur  trioxide  at  750  to  700  ^ 
just  ahead  of  the  air  heater  t  ^£fs  22,9  ppm,  The 
temperature  at  the  outlet  of  the  air  heater  was 
aliout  280  to  285        and  the  sulfur  trioxide 
level  was  7.1  ppm,  far  below  the  equilibrium 
content  of  sulfuric  acid  vapor. in  coal 
'combustion  gas  a£  280  to  285  F^    The  gas  entered 
the  precipitator  at  7,1.t)pm  of  Sulfor  trioxide. 
The  outlet'  of  the  precipitator  showed  2,0  ppm, 
suggesting  that  the  uptake  of  Sulfur  trioxide  by 
fly  ash/whether  by  adsorption  or  by  chemical 
reaction  with  alkalinity  in, the  ash,  had 
"  continued  during  the  approximately  U6  seconds 
of  gas  residence  in  the  precipitator,  ;Jt  does 
not  seem  probable  that  the  sulfur  trioxide  level 
would  have  been  reduced  much  further  ^f  t;!he  g^s 
residence  had  been*  longer,  as \is  characteristic 
of  modem  precipitators  workingT  at  99+pei;cent 
efficiency. 

Tests  on  at  least  one  coal-firea  power 
station  showed  fly  ash  collected  by  la  '  (\  . 
precipitator  at  95  percent  efficiency  had  a  pH" 
*  of  7  or  even  a  bit  above,  while  the  fines 
passing  through  this  precipitator  has  a  pH  of 
2,5  to  3   (Grob  1961),  ,  This  observation  is 
consistent,  it  might  be  noted,  with  a  finding 
that  thQR greatest  accumulation  of  sulfur  in 
California  urban  aerosels  is  .on  particles  in  the 
0,1  to  0,65  micron  range  of  sizfe  (Flocchini  et 
al.  197a), 

%  These  facts  suggest  that  fly  ash  particles 

act  as  condensation  nuclei  for  sulfuric  acid 
vapor  in  flue  gas  from  coal  combustion, 
inherently,  it  would  appear  that  the  content  of 
sulfuric  acid  vapor  in  coal  flue  gas  from  a 
^   utility  boiler  operating  at  high  efficiency  is 
usually  small.     It  is  plausible  to  suppose  that 
the  vapor  condenses  more  or  less  uniformly  over 
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all  of  the  particulate  surface  that  io  avail- 
able, 8o  that  QmaJLler  particleo  will  take  up 
more  of  the  acid  Vapor,  unless  alkalinity  in  the 
ash  directs  acid  to  the  larger  particles. 

This  view  is  consistent  with  the  fact  that 
fly  ash  from  a  coal  of  low  sulfur  content  is 
difficult  to  collect  by  electrostatic 
precipitation  of  around  300  F,  but  can  be  made 
more  collectible  by  addition  of  sulfur  trioxide 
to  the  flue  gas.     If  done  properly,  the 
conditioning  of  fly  ash  by  addition  of  sulfur 
trioxide  does  not  lead  to  significant  quantities 
of  sulfuric  acid  vapor  in  the  stack  effluent 
(personal  communication  from  two  confidential  * 
sources  19t5) • 

It  would  appear  that  an  ele<r>&rofdtatic 
precipitator  working  at  high  efficiency  should 
prevent  most  sulfate  particulate  matter,  as  well 
as  sulfuric  acid  vapor,  from  reaching  the 
atmosphere,    of  course,  there  seems  to  bfe 
general  agreement  that  larger  particles  6^  such 
matter  are  not  injurious  to  health,  and  a  \ 
chemical  examination  of  the  ultra-fine  particles 
that  escape  the  precipitator  would  seem  to  be  in 
order. 


1.052  Scrubbing 

The  level  of  sulfuric  acid  mist  typically 
reaching  the  10-MW  limestone  scrubber  at  Shawnee ^ 
Station   (see  Chapter  Section  3.04)   is  abodt  6  to  , 
10  ppm  (Moore  1975).     This  Is  a  representative 
level  for  T.V.A.'s  coal-fired  stations,  that> 
^generally  produce  a  flue  gas  containing  between 
about  5  and  10  ppm  of  suffur  trioxide.  Although 
the  10-MW  limestone  scrubber  displays  excellent 
efficiency  for  removing  fly  ash,  the  efficiency 
for  removing  sulfuric  acid  mist  is  poor 
(Princiotta  1975),  the  effluent  usually 
containing  about  5  ppm  of  sulfuric  acid  mist 
(Moore  1975). 
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1.06     Conclusion  in  Respect  to 
Emiooions  of  Sulfuric  Acid  Vapor 

The  hypotheQis   (Heller  1975)   that  sulfate 
particulate  levels  in  the  air  of  New  York  City 
and  other  urban  communities  have  remained  high 
because  of  significant  emissions  of  sulfuric 
acid  vapor  even  from  the  firing  of  oil  at  0.3 
percent  sulfur  is  sufficiently  credible  to 
warrant  an  experimental  test. 

Measurenaents  are  needed  to  compare  emissions 
today  and  ten  years  ago  from  typical  oil-fired 
devices^  especially  small  furnaces  and  space 
heating  equipment.     The  tests  should  reflect 
typical  operating  practices. 

The  evidence  that  it  has  been  "^possible  to 
find  in  the  time  available  supports  a  hypothesis 
that  emissions  of  sulfuric  acid  vapor  have  not 
declined  in  New  York  City  in  propbrtion  to 
decline  in  sulfur  content^  of  fuel..    It  might  be 
further  hypothesized  that  the  limiting  factor 
that  has  determined  the  level  of  sulfate 
particulate  niatter  in  New  York  City  has  been  the 
.surface  area  of  the  total  particulate  matter 
that  is  available  for  adsorption  of  sulfuric 
acid  vapor.     Under  the  latter  hypothesis^ 
contours  of  sulfate  particulate  mAtter  and  of 
the  acidity  of  rainfall  around  New  York  City 
might  be  expected  to  reveal  the  City  as  a  source 
of  sulfuric  acid  vapor  that  was  nor  adsorbed  by 
particulates  within  the  city.     Such  contours 
would  also,  of  couirse,  shed  a  sharp  light  upon 
the  hypothesis  that  sulfate  particulate  matter 
in  New  York  City  has  originated  from  sulfur 
dioxide  emitted  by  power  stations  at  a  distance, 
this  sulfur  dioxide  having  been  converted  to 
sulfate  as  it  moved  toward fifehe  city.     In  other 
words,  is  New  York  City  a  'Tiot  spot",  -or  does 
its  atmosphere  represent  a  region  extending 
westward,  say,  to  Ohio? 


APPENDIX  11-B 


ThiG  appendi>£  containo  tabloo  preoenting 
a  ouinmary  of  electric  utility  flue  gao  dQ- 
Dulfurisation  facilities  in  the  United  States, 
and  a  breakdov/n  of  the  installed  l^QD  syatems 
and  those  under  construction - 
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TABLE  App.  11-2 

llJ^Sfihrn'J^^^i""'"  "'^^^'^  t^^^  Desulfurization 

s>yatenujp4ft-^he  United  states 

FGD  ?mcQs/  NEW  OR  SIZE  PUEL 

POWER  STATION  "RETROFIT  "m^         TYPE  TtSH 


,  LIMESTONE  SCRUBBING 

Arizona  Public  Service  r  iic  ^,         ^  ,c 

Cholla  NO.    1  5"^^  0,4-1,0 


2,75 


City  of  Key  West  M  37 

Commonwealth  Edison 

win  county  NO.  1  r  ^oal        lo  2.o'l' 

Kansas  City  Pov/er  Light 

Lawrence  .  .5  rV-        l\l  I  0.6-3.0 

LIME  SCRUBBr^fG 

DuQuesne  Light  r  .  , 

Phillips  ^  '-^^^  2,3 

Louisville  Gas  &  Electric  r  65  Coal         14  i  7 

Padd/s  Run  No.   6  ^'^ 

Southern  California  Edison         r  leo  Coal  n  S-0  B 

Mohave  No.    2  u. 5  u. o 

LIME/LIMESTONE  SCRUBBIt>^G 

TVA  Shawnee  No.    10^^^  r 


30  Coal         12-15  3,0 


MAGNESIUM  OXIDE  SCRUBBING 


Boston  Edison  r  qiI  -  y  o 

Mystic  Mo.   6  ^ 


i 
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TABLE  App.   11-2  (continued) 

^GD  PROCESS/  NEW  OR  SIZE 

POWER  STATION  -RETROFIT       m  TYPE  __L  ASH_ 

SODIUM  CARBONATE  SCRUBBING 

Nevada  Power  -  , 

Reid  Gardner  No,   2  R  125  Coal  9  0.6 

Reid  Gardner  No .   1  R  ^2  5  Coal  9  0,6 

DOUBLE  ALICALI 

General  Motors  ^     ,         m  in  on 

Chevrolet  Parma     1  R  32  Coal        10-12  20,25 

1.2,3,4 

CATALYTIC  OXIDATION 


ERIC 


Illinois  Power  ^  R 

Wood  River.  No,  4 


3  ,  3 


Notes: 


1.  Will  County  is  now   (1974)   burning  low  sulfur  Montana  coal 
at  least  part  of  time, 

2.  EPA  sponsored  facility  operated  by  Bechtel,     Used  as 
exper  imental   f aci 1 ity , 

3.  Not  all  systems  are  nov/  in  operation. 
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CHAPTER  12 


CONTROL  OF  AMBIENT  SUI^UR  DIOXIDE  CONCENTRATIONS 
VJITp  TALL  STACKS  AND/OR  INTERMITTENT  CONTROL  SYSTEMS 


(Chapter  T2  was  written  by  Robert 
Dunlap  under  the  general  supervision  of 
the  committee,  which  reviewed  the  work 
at  several  stages  and  suggested 
modifications  which  have  been 
incorporated.     While  .every  comniittee 
member  has  not  necessarily  read  and 
agreed  to  every  detailed  statement 
contained  within  this  report,  the  com- 
mittee believes  that  the  material  is  of 
sufficient  merit  and  relevance  to  be 
included  in  this  report.) 


INTRODUCTION 

Air  quality  implementation  plans  were  en- 
acted by  the  states  in  1972  to  bring  about  local 
compliance  with  national  ambient  air  quality 
standards  (AAQS) •     Not  surprisingly^  sulfur 
dioxide  eniission  limitations  for  electric 
utility  power  plants  varied  widely  in  these 
plans.     Much  of  the  variation  can  be  ascribed  to 
regional  fuel  availability  considerations,  to 
state-imposed  air  quality  standards  or  time- 
tables, and  to  differing  methodologies  for 
relating  emissions  and  air  quality.     Some  of  the 
Variation,  however,  represents  moot  recognition 
d£  the  different  capacities  of  regional 
atmospheres  to  safely  assimilate  specific 
emission  levels.     For  example,  Pennsylvania's 
regulations   (Table  12-1)   allow  about  an 
eightfold  difference  in  emission  rates, 
dependent  upon  source  location.     These  allowed 
spatial  differences  in  emission  rates,  with  all 
rates  designed  to  meet  the  same  sulfur  dioxide 
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HAQB,  are  understandable  in  terms  of  different 
numbers  of  Qources^  background  Qulfur  dioxide 
levels,  meteorological  characteristics,  and 
topography  for  Pennsylvania's  air  basins. 

Ifemporal  variations  in  emission  limitations 
were  not  part  of  most  states'  implementrtion 
plans,  except  as  part  of  emergency  episode 
criteria.     However,  the  situation  here  is 
roughly  analogous  to  the  spatial  variation 
situation.    At  any  given  emission  rate,  it  can 
be  generally  stated  that  carefully  chosen 
temporal  fluctuations  about  that  rate  will 
provide  air  quality., benefits,  since  variability 
in  meteorological  conditions  causes  significant 
changes  in  the  air  quality  impact  of  any  given 
level  of  emissions.     With  temporal  controls, 
when  dispersive  characteristics  of  the 
atmosphere  are  unfavorable,  minimum  emission 
rates  are  demanded;  when  optimal  atmospheric 
dispersion  conditions  exist, cfiigher  emission 
rates  than  the  base  rate  are^  peinnitted. 

This  air  quality  management  concept,  i.e., 
that  emissions  can  be  spatially  and  temporally 
varied  to  achieve  compliance  with  air  quality 
standards,  has  only  been  partially  accepted  by 
regulatory  agencies  over  the  past  several  years. 
In  particular,  temporal  emission  controls  for 
sulfur  dioxide,  here  termed  intermittent  control 
systems   (ICS) ,  have  been  recognized  in  this  / 
country  only  in  specific  situations,  and  have 
been  a  focal  point  of  a  lively  debate  between 
regulatory  agencies  and  some  parts  of  the 
electric  utility  industry.*  This  position  paper 
details  some  of  the  aspects  of  this  debate  in 
order  to  assess  current  and  future  public  policy 
concerning  ICS  programs. 
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TALL  STACKS  AND  ICS  PROGRAT^S 


An  intemittont  control  system  can  be 
defined  as  "••.system  ^ereby  the  rate  of 
emissions  from  a  source \s  curtailed  when 
Dieteorological  conditions  conducive  to  high 
ground- level  pollutant  concentrations  exist  or 
are  anticipated"   (FR  1973) •     For  power  plants, 
two  intermittent  control  strategies  are 
potentially  available:    (a)   fuel  switching,  i.e^, 
using  a  temporary  supply  of  low  sulfur  fuel;  (b) 
load  shifting,  i.e.,  shifting  a  portion  of  the 
electrical  load  to  an  interconnected  generating 
station  with  capacity  in  excess  of  demand.  ^ 

Tall  stacks  are  closely  associated  with  ICS 
programs,  since  increased  stack  height  can  yield 
decreased  needs  for  intermittent  emission 
reductions,  assuming  that  control  of  ambient 
sulfur  dioxide  concentrations  is  the  sole 
objective.     For  example,  TVA's  comparison  of 
estimated  maximum  ground  level  concentrations  of 
sulfur  dioxide  associated  with  different 
meteorological  dispersion  conditions  and  stack 
heights  between  60-360  meters  is  shown  in  Figure 
12-1    (Carpenter  1971).     Three  critical 
meteorological  conditions  are  depicted,  each 
corresponding  to  a  different  plume  transport 
condition:  coning,  inversion  breakup,  and 
trapping   (mixing  depths  between  760-1065 
meters). 2  For  coning  and  inversion  breakup  con- 
ditions, an  inverse  relationship  between  stack 
height  and  concentration  applies.     For  trapping 
conditions,  concentrations  are  primarily 
determined  by  the  elevation  and  magnitude  of  the 
subsidence  inversion  or  stable  layer  ajoft; 
stack  height  does  play  a  role  if  the  plume 
emitted  from  the  stack  penetrates  the  layer  of 
stable  air  and  is  not  trapped  below  it 
(concentrations  for  plume  penetration  cases  are 
approximately  zero  and  cire  not  shown  in  Figure 
12-1).     Based  on  dispersion  model  results  such 
as  these,  as  well  as  ambient  air  quality  data, 
TVA  suggests  the  anticipated  requirements  for 
ICS  measures  at  its  Kingston  steam  plant  will 
drop  from  55  days  per  year   (7-hour  average 
duration)   for  the  plant •s  current  stack  con- 
figuration  (four  250-f6ot  stacks  and  five  300- 
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foot  stacks)  to  zero  days  per  yeair  for  two  1000- 

^      foot  stacks  (TVA  1973). 

Two  ba^ic  types  of  tall  stack-ICS  programs 
are  tniSk  apparent,     in  the  firsts  stacks  of 
sufficient  height  are  built  so  that  ground-level 
concentrations  do  not  abrogate  standards,  even 
without  use  of  ICS  measures.     This  approach  is 
advocated  in  Great  Britain  (Stone  and  Clark 
1967,  Lucas  1974) ,  and  also  by  some  utilities  in 
^    this  country  for  plants  located  in  relatively 
flat  terrain  where  no  limitations  on  stack 
height   (e.g.,  limitations  imposed  by  flight 
safety  requirements  near  airports)  exist 
(Frankenberg  1970,  Smith* and  Frankenberg  1974). 

k      In  the  second  approach,  applicable  where  ambient 
sulfur  dioxide  standards  cannot  be  met  simply  by 
increasing  stack  height,  tall  stacks  are  coupled 
'With  ICS  measures  to  control 'ground-level  sulfur 
dioxide  concentrations.     Controversy  has  existed 
over  whether  tall  stacks  alone  can  adequately 
control  ground-level  sulfur  dioxide 
concentrations.     It  seems  clear,  however,  that 
as  stack  height  increases,  the  required 
frequency  of  use  of  ICS  measures  decrease^  for 
mostr^  if  not  all,  given  control  situations.  The 
frequency  of  ICS  use  is  also  .dependent  on 
emission  rate,  other  stack  parameters  (stack  gas 
velocity,  temperature) ,  meteorological 
conditions,  and  topography. 

Regulations  proposed  by  the  Environmental 
Protection  Agency   (EPA)   do  not  accept  increases 
in  stack  height  beyond  lev^els  of  "good 
engineering  practice"  as  acceptable  air  quality  > 
contror  measures,  unless  this  is  accomplished  as 
,  part  of  an  approved  ics  program  (PR  1973) . 
These  same  proposed  regulations  impose  stringent 
limitations  on  the  types  of  sources  and 
situations  for  which  ICS  programs  are 
acceptable,  and  include  the  following  coi^ 
straints: 

•The  ICS  program  must  be  a  supplement  to 
constant  emission  controls;  the  source  must 
undertake  research  and  development  programs  to 
accelerate  development  of  applicable  constant 
emission  reduction  technology. 

•The  system  must  exhibit  a  high  degree  of 
reliability  (ability  to  protect  against 
violation  of  AAQS)   and  must  be  legally  en- 


491 


f orceable.     Elements  of  such  ^^n  ICS  are  shown  in 
Figure  12-2   (PEDCO  197U)   and  ^nclude: 

•A  sulfur  dioxide  monitoring  network  suf- 
ficient to  allow  calibration  of  a  dispersion 
models  as  well  as  interpolation  between 
samplers. 

•An  operating  model  which  relates  meteoro- 
logical inputs,  emission'  rates,  source  data, 
terrain  and  location  factors  to  current  and 
future  air  quality. 

•Meteorological  inputs  suitable  for  use  in 
air  quality  forecasting.  / 

•Objective  rules  for' emission  control,  re- 
lating air^quality  predictions  to  (jontroHed 
emission  schedules. 

•A  requirement  for  continuous  evaluation  andy 
systematic  improvement  of  ICS  reliability 
(upgrade  system) . 

Figure  12-2  indicates  the  two  different 
modes  in  which  an  ICS  may  be  operated:    (1)  open- 
loop  emission  control,  in  which  the  decision  to 
reduce  emissions  is  made  based  on  the  output  of 
the  predictive  model;  and'  (2)   closed-loop  ^ 
emission  control,  an  emergency  operating  mode, 
in  which  real-time  measurements  from  the  air 
quality  monitoring  network  are  used  to  override 
the  operating  model  in  making  the  control 
decision.     Th^^  closed-loop  mode  occurs  when  the 
open-loop  mode  of  operation  has  failed,  i.e., 
when  ambient  air  quality  measurements  exceed 
specified  threshold  values  and/or  AAQS. 

From  the  system  diagram  presented  in  Figure 
12-2,  ICS  reliability  and  performance  depend  on 
a  number  of  factors: 

(1)  The  adequacy  and  accuracy  of  monitoring 
the  pertinent  emissions,  air  quality  ,  and 
meteorological  parameters; 

(2)  The  ability  to  forecast  meteorological 
inputs  to  the  operating  model,  including 
transition  periods  between  different  types  of 
weather  and  potential  interactions  between 
meteorology  and  terrain; 

(3)  The  adequacy  of  the  air  quality  fore- 
cast model  or  models,  which  must  represent  all 
possible  meteorological  conditions,  account  for 
terrain  and  location  factors,  and  estimate 
anticipated  emission  rates; 
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(4)  The  ability  to  control  source  emissions 
in  a  timely  manner  in  order  to  meet  forecast 
objectives; 

(5)  The  ability  to  combine  elements  (l)-^*) 
into  an  operational  system  with  adequate  flexi- 
bility to  meet  the  objectives  of  the  system. 

Each  of  the  system  requirements  can  be 
achieved  with  some  probability  of  success;  how- 
ever^ the  likelihood  of  attaining  a  given  degree 
of  system  performance  will  depend  upon  the 
ability  to  satisfy  all  of  the  system 
requirements  concurrently.     Typically^  a  factor 
of  safety  must  be  invoked  to  insure  adequate 
system  response.     This  factor  of  safety  is 
usually  embodied  within  the  threshold  values  of 
the  system;  i.e.^  those  forecasted  levels  ul 
sulfur  dioxide  which  necessitate  control 
measures.     The  upgrade  system^  is  then  applied  as 
part  of  an  ongoing  effort  to  select  proper 
forecast  values^  so  that  curtailment  of 
emissions  are  invoked  often  enough  to  meet  the 
ambient  standards^  but  are  not  put  into  effect 
unnecessarily  oft^.     System  performance  and 
reliability  are  clearly  related  to  the  number 
aAd  severity  of  forecasted  sulfur  dioxide  levels 
estimated  to  occur  in  excess  of  the  standards; 
the  ICS  approach  has  the  greatest  chance  for 
success  where  the  required,  number  of 
curtailments  of  emissions  is  low. 


The  suggestion  that  tall  stacks  be  used  with 
or  without  intermittent  controls  to  meet  sulfur 
dioxide  standards  is  a  highly  controversial  one. 
On  the  one  hand,  these  techniques  have  been 
shown  to  be  effective,  at  relatively  low  costs, 
for  reducing  ground-level  concentrations  o^ " 
sulfur  dioxide  in  the  vicinity  of  power  plants 
burning  high  sulfur  coal  (Frankenberg  1970, 
Smith  and  Frankenberg  1974,  Montgomery  et  al. 
1973,  Montgomery  and  Prey  v1S7a,  TVA  1974).  On 
tlie  other  hand,  the  applic^Jtion  of,  j^hese  tech- 
niques normally  provides,  over  an  extended 
length  of  time,  only  a  negligible  reduction  in 
the  amount  of  pollutants  emitted.     Primarily  for 
this  reason  EPA  "...considers  constant  emission 
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reduction  techniques,  such  as  flue  gas 
desulf urization,  far  superior  to  dispersion 
techniques  and  has  proposed  regulations  that 
limit  the  use  of  such  dispersion  techniques  to 
situations  where  constant  emission  reduction 
controls  are  not  available**    (EPA  1974) •  ePa 
further  claims  "•••the  concept  is  not  compatible 
with  the  Clean  Air  ,Act  requirement  that  constant 
emission  limitations  be  used  whenever  possible" 
(EPA  '1974b)  • 

In  the  most  important  legal  decision  on  this 
subject.  Natural  Resources  Defense  Council  v^ 
EPA,  the  5th  Circuit  Court  of  Appeals  held  that 
the  Clean  Air  Act  requires  Georgia  to  attain 
national  ambient  air  standards  primarily  through 
actual" emission  reductions  rather  than 
dispersion  enhancement  techniques;  application 
of  dispersion  techniques  is  allowed  only  if 
exclusive  reliance  on  emission  control  is 
infeasible   (48a  F.2d.  390,  1974)  •     In  reachitig 
this  decision,  the  court  determined  that  the 
section  of  the  1970  Clean  Air  Act  amendments 
which  retires  that  state  implementation  plans 
"include  emission  limitations,  schedules,  and 
>±imetables  for  compliance  with  ^uch  limitation, 
and  such  other  measures  as  may  be  necessary  to 
insure  attainment  and  maintenance  of  such 
primary  or  secondary  standards"   (42  USC  1857c- 
5(a)  (2) b)   indicates  a  Congressional  intent  that 
emission  reduction  is  the  preferred  method  of 
meeting  ambient  air  quality  standards^ 
Therefore,  Georgia's  tall  stack  strategy  for 
controlling  power  plant, sulfur  oxide  emissions 
could  be  included  in  its  implementation  plan 
"only  (1)   if  it  is  demonstrated  that  emission 
limitation  regulations  included  in  the  plan  are 
sufficient,  standing  alone,  without  the 
dispersion  strategy, ' to  attain  the  standards;  o^ 
(2)   if  it  is  demonstr.atea  Lhat  emission 
limitation  sufficient  to  meet  the  standard  is 
unachievable  or  infeasible,  and  that  the  state 
has  adopted  regulations  which  will  attain  the 
maximum  degree  of  emission  limitation 
achievable^ " 

This  decision  suggests  that  utilitiesr  which 
want  to  implement  tall  stack-ICS  strategies 
rather  than  flue  gas  desulf urization   (FGD)  must 
convince  state  control  agencies  that  FGD 
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technology  iQ  commercially  or  technically 
infeasible.     TVA  is  presently  bringing  a  suit 
(TVA  V.  EPA)   in  the  6th  Circuit  Court  of  Appeals 
which  involves  this  issue  as  well  as  the  issues 
of  fact  and  law  considered  in  the  Georgia 
decision.     If  the  6th  Circuit  decision  differs 
from  NRDC  v>  EPA^  ultimately  the  Supreme  Court 
may  have  to  resolve  the  conflict. 

Two  previous  cases^  Appalachian  Power  Co.  et 
al«  V.  EPA  and  Pennsylvania  v>  Pennsylvania 
Power  Co>  #  reached  opposite  conclusions 
regarding  FGD  technology.     In  the  first  of 
these^  the  U.S.  Circuit  Court  of  Appeals  for  the 
District  of  Columbia  rejected  a  claim  by  several 
power  companies  that  technology  was  not 
available  to  meet  EPA^s  new  source  |)erformance 
standards.     The  courts  ruling  in  September  1973, 
said  the  evidence  "...convinces  us  that  the 
systems  proposed  are  adequately  demonstrated, 
that  cost  has  been  taken  into  consideration,  and 
that  emission  standards  are  achievable."  The 
court  added,  however,  that  EPA's  consideration 
of  the  sludge  disposal  problem  was  insufficient, 
and  remanded  the  record  in  the  case  to  EPA  for 
further  explanation  of  sludge  effects;   EPA  has 
not  yet  responded  with  the  information.     In  the 
Pennsylvania  Power  case,  a  Pennsylvania  state 
court  upheld  a  county  court  opinion  that 
adequate  scrubbing  technology  does  not  exist. 
In  a  February  197U  decision,  the  court  concluded 
that  "flue  gas  scrubbing  devices. . .are  available 
in  theory  only,  and  are  not  available  and  proven 
from  an  operational  or  practical  viewpoint."  A 
Lawrence  County,  Pennsylvania  court  had  pre- 
viously determine;^  that  "the  only  conclusion  to 
date. ..is  that  the  most  feasible  present  method 
is  high  stack  control." 

Recently,  a  September  1974  Oh^*^  EPA  hearing 
examiner's  report  favored  the  tall  stack- 
intermittent  control  approach,  stating  that 
"flue  gas  desulf urization  is  not  a  presently 
available,  technologically  feasible  method  of 
sulfur  dioxide  control..."  and  that  "tall 
stacks,  either  alone  or  in  combination  with 
supplementary  control  systems,  are  a 
technologically  feasible  and  economically 
reasonable  means  of  meeting  ambient  air  quality 
standards  for  sulfur  dioxide"    (Ohio  EPA  1974). 
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However,  the  hearing  examiner's  report  served 
only  as  a  recommendation  to  the  Director  of  Ohio 
EPA;  subsequent  (December  12)   findings  and 
orders  issued  by  the  Director  differed 
substantially  from  the  recommendations  of  the 
examiner.     Specifically,  FGD  technology  was 
found  by  the  Director  to  satisfy  criteria  for 
feasibility  and  reliability.     However,  he  did 
rule  that  it  would  be  inappropriate  to  require 
the  use  of  FGD  systems  in  Ohio  until  recent  air 
quality  data  from  power  plants  were  collected 
and  analyzed,  and  after  further  examination  of 
the  efficacy  of  scrubber  technology  takes  place. 

Each  of  the  judicial  or  administrative 
decisions  referred  to  above  interprets  require- 
ments of  the  Clean  Air  Act  amendments  of  1970. 
More  recent  legislation,  the  Energy  Supply  and 
Environmental  Coordination  Act  of  1974  (ESECA) 
(PL ^93-319;  enacted  by  Congress  June  24,  1974), 
provides  further  insight  into  Congressional  in- 
tent regarding  the  implementation  of  FGD  and 
tall  stack- ICS  technologies.     According  t'o  the 
provisions  of  ESECA,  utilities  permitted  by  EPA 
to  convert  to  coal  can  be  granted  either  short- 
term  suspensions  of  emission  limitations  until 
as  late  as  June  30,   1975  or  compliance  date 
extensions  until  as  late  as  January  1,  1979  for 
meeting  emission  standards.     Plants  allowed  an 
extension,  however,  must  prepare  a  plan  for 
achieving  compliance  before  expiration  of  the . 
extension  with  "the  most  stringent  degree  of 
emissions  reduction"  required  by  the  state 
implementation  plan  in  force  at  the  time 
conversion  was  ordered.     Under  -present  EPA 
regulations  this  would  include  contractual 
commitments  for  obtaining  long-term  supplies  of 
low-sulfur  coal  or  installing  continuous 
emission  controls.     Use  of  ICS  is  permitted  only 
under" certain  circumstances;  for  example,  these 
systems  can  be  used  to  comply  with  interim 
requirements  under  emission  standard  extensions, 
but  hnly  in  those  cases  where  ICS  utilization  is 
Qirectly  enforceable  by  EPA. 

For  purposes  of  discussion,  the  following 
presentation  assumes  that  tall  stack-ICS 
technology  is  in  itself  a  legally  valid  method 
of  sulfur  dioxide  control,  even  though  current 
EPA  regulations  and  E^ECA  suggest  otherwise. 
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For  the  moment,  however,  tall  stacks  and  ICS 
measures  are  assumed  to  provide  an  important 
technological  option,  at  the  very  least  for 
reasons  pointed  out  in  EPA's  proposed 
regulations  (FR  1973) : 

•These  measures  provide  alternative  means 
for  attaining  and  maintaining  sulfur  dioxide 
AAQS,  rather  than  relying  solely  on  FGD 
systems  or  low  sulfur  fuels. 
•  Implementation  of  trhese  measures  can  result 
in  attainment  of  AAQS  in  a  shorter  time  than 
would  otherwise  be  possible. 
•These  measures  can  be  important  interim 
techniques,  given  limitations  on 
availability  of  FGD  systems  and  low  sulfur 
fuels  over  the  next  few  years,  given 
difficulty  in  retrofitting  some  facilities 
with  FGD  systems,  and  given  distribution  and 
. allocation  problems  associated  with  low 
sulfur  fuels. 


ASSESSMENT  OF  THE  TECHWOIXDGY 

Four  aspects  of  tall  stack-ICS  technology 
are  assessed  here,  including  system  performance, 
availability,  cost,  and  secondary  environmental 
iinpacts. 


Performance 


ICS  measures  are  currently  being  implemented 
at  a  small  number  of  installations  on  the  ^ 
continent,  including  (1)   a  number  of  TVA  pomtk 
plants;    (2)   other  power  plants  operated  by 
Ontario  Hydro   (Canada)   and  Long  Island  Lighting 
Company   (New  York) ;    (3)   a  number  of  western 
smelters  operated  by  American  Smelting  and 
Refining  Company   (ASARCO) ,  Kennecott  Copper 
Corporation,  and  others;    (4)   the  Dow  Chemical 
plant  at  Midland,  Michigan*     Only  limited  data 
are  availaoie  to  assess  performance  of  these 
systems. 
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TVA-Paradioe  steam  Plant 


Data  for  the  TVA  Paradise  ^team  plant  are 
most  extensive,  and  the  distribution  of  3~hour 
and  24-hour  sulfur  dioxide  concentrations  above 
AAQS  levels  before  and  after  initiation  of  ICS 
measures  are  indicated  in  Table  12-2^  (TVA 
1974).     Standards  were  exceeded  prior  to 
September  1960  with  a  two-unit  plant   (two  704  MVJ 
generating  units,  each  with  a  600-foot  stack); 
capacity  was  increased  by  82  percent  on 
September  19,   1969  by  installation  of  an  1150  MW 
unit  with  an  800-foot  stack,  with  ICS  measures 
also  initiated  to  control  high  ground-level 
concentrations.     No  violations  of  3-  or  24-hour 
AAQS  have  occurred  at  the  monitoring  network 
since  initiation  of  the  ICS  program,  although 
four  occasions  in  which  sulfur  dioxide 
concentrations  were  above  the  3-hour  standard 
level  have  been  noted;  details  concerning 
possible  violations  at  non-monitored  locations 
are  not  available.     At  Paradise,  plant 
generation  reductions  are  instituted  during 
adverse  conditions  for  plume  dispersion;  these 
periods  are  predicted  through  on-site 
meteorological  measurements.     If  nine 
meteorological  and  plume  dispersion  criteria 
(Table  12-3)   fall  wMhin  a  critical  range  of 
values,  the  magnitudd  of  sulfur  dioxide  emission 
reduction  needed  is  determined  with  a  dispersion  . 
model,  and  a  load  reduction  takes  place. 
Emission  or  load  reductions  are  implemented 
independent  of  wind  direction  or  monitor 
readings;  the  monitoring  network  is  used  for 
validation  of  the  dispersion  model  and  for 
checking  system  perf'ormance. 

ASARCO-Tacoma  Smelter 

Data  are  also  available  which  demonstrate 
the  degree  of  effectiveness  of  ICS  measures 
initiated  at  ASARCO's  smelter  in  Tacoma, 
Vlashington   (Tables  12-4,   12-5)    (Nelson  et  al. 
1973,  Welch  1974).     The  data  obtained  from  5 
ASARCO  monitoring  stations  in  continuous 
operation  since  1969  indicate  substantial  and 
consistent  improvement  in  the  performance  of  the 
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ICS  pMgram*     National  AAQS  have  not  been  ^ 
deeded  since  I4arch  1971  at  either  the  ASARCO 
stations  or  stations  of  the  Paget  Sound  Air 
Pollution  Control  Agency   (PSAPCA) .  However, 
more  stringent  local  AAQS  (Table  12-5)  have  been 
repeatedly  violated,  although  with  decreasing 
frequency  since  1969. ♦  ICS  control  at  this 
location  represents  a  greater  challenge  than  at 
the  TVA-Paradise  plant  due  to  the  greater^ 
emission  rate,  moderate  stack  height,  and  more  . 
limited  plume  rise   (565-foot  stack,  15 
feet/secojid  plume  exit  velocity)  r  significant 
terrain  effects   (local  maximum  elevations  within 
250  feet  of  stack  elevation)   and  complications 
introduced  by  the  maritime  climate  meteorology. 
Plant  curtailments  are  typically  initiated  in 
theWmin^  basis  of  meteorological 

forec^ta±.s;  during  May-October,  opeifations  must 
be  curtailed  to  some  degree  almost:^  every  day. 
Forecasts  are  continuously  updated  on  a  short- 
term'  basis;  monitoring  station  data  (both  ASARCO 
and  PSAPCA)   arje  then  used  to  further  modify 
curtailment  actions.     On  the  basis  of 
^     controlling  ambient  sulfur  dioxide 

concentrations,  the  Tacoma  ICS  can  be  considered 
^  a  success.     However,  the  system  is  designed  to 
meet  local  st^andards  as  well;  here  reliability 
is  not  adequate.     Initiation  of  improved 
continuous  emission  controls  have  recently 
dropped  SOx  emiss^-ons  an  additional  UO  percent 
at  full  load;  this  c6ntinuous  emission  reduction 
may  help  bring  about  attainment  of  local  as  well 
as  national  AAQS  lor  ^ulfur  dioxide. 


ASARCO  -El  Paso  Smelter  . 

Further  insight  into  ICS  iferformance  is 
provided  by  a  case  study*  of  AfeARCO's  ICS  program 
at  its  El  Paso  smelter.     The  base  study  was 
recently  completed  by  Environmental  Research  and 
Technology,  Inco     (ER&T)   for  £PA,  as  part  of  a 
larger  effort  to  develop  procedures  to  analyse 
ICS  programs  quantitatively   (Gaertner  et  al. 
1974).     The  El  Paso  smelter  represents  a 
difficult  location  for  ICS  control  techniques 
due  to  severe  terrain  effects.     Emissions  from 
copper  and  lead  smelting  operations ^ are 
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separately  released  (828-foot  and  611-foot 
stacks,  respectively)  with  stack  tops  cor- 
responding to  sea-level  elevations  of  approxi- 
mately 4,600  and  4,400  feet.    To  the  northwest 
of  the  smelter,  the  Franklin  Mountain  Range 
(peaks  at  6,000-6,600  feet)   extends  north-south, 
and  acts  as  a  barrier  to  the  ASARCO  plume  during 
southwesterly  wind  flows;  the  Sierra  del  Christo 
Rey  peak  rises  to  a  4, 700- foot  elevation  to  the 
west  of  the  smelter  and  interferes  with  plume 
transport  to  the  northwest •     ERST  analyzed  ICS 
reliability  for  the  36-day  period  March  5-April 
9,   1971,  evaluating  system  performance  in 
meeting  national  AAQS  as  well  as  a  state 
variance  standard  calling  for  1-hour 
coricentrati'ons  ^0.5  ppm.     The  following 
conclusions  are  aj>^>arent  from  the  study: 

•ICS  measuj?^were  effective  in  reducing  the 
number  of  exdess  concentrations  east  of  the 
plant,  but  were  less  effective  for 
concentration^  northwest  of  the  plant, 

•Without  meteorologically-based  controls , 
both  long  and  sharfe^term  sulfur  dioxide  concen- 
trations would  hive  been  dramatically  higher 
during  the  36-day  period.     Percent  reductions  in 
average  sulfur  dioxide  concentrations  at  the  17- 
station  ASAROO  monitoring  network  due  to  use  of 
ICS  controls  ranged  from  27.9  to  65.2  percent. 

•As  shown  by  Table  12-6,  frequency 
distributions  of  concentrations  measured  by  the 
monitoring  network  shifted  toward  the  lower  end 
of  the  spectrum,  with  the  greatest  shifting  at 
the  highest  concentrations. 
Although  xhese  performance  characteristics 
indicate  a  substantial  iieiprovement  in  air 
quality  due  to  ICS  controls,  system  reliability 
in  meeting  all  AAQS  during  the  36-day  period  was 
not  adequate: 

•The  state  variance  standard  (1-hour,  0.5 
ppm  standard)  was  violated  on  9  occasions  (Note 
that  Table  12-6  indicates  ^17  violations,  but  8 
of  these  occurred  at  stations  in  New  Mexico 
where  the  Texas  standard  was  not  a  control 
objective) •  . 
^  •Violations  of  the  3-hour,  0.5  ppm  national 

AAQS  ocurred  at  one  station. 

•Violations  of  the  24-hour,.  0.14  ppm 
national  AAQS  ocurred  at  two  stations. 
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Meteorological  evaluations  of  five  separate 
periods  of  high  sulfur  dioxide  concentrations 
during  the  36-day  period  did  reveal  methods  by 
which  system  reliability  could  be  improved^ 
principa^lly  through  improved  forecasting  and 
modeling  of  terrain  disturbances. 

Further  evidence  of  the  difficulty  in  ^ 
meeting  national  hAQS  with  the  El  Paso  ICS  i^ 
provided^y  Table  12-7  (Nelson  1974).  Thpa^ 
data,  derived  from  13  stations  in  the  ASA^CO 
monitoring  networK  which  have  operated 
continuously  since  1970 r  indicate  continuing 
violations  of  national  AAQS. 


Boston  AIRMAP  Network 

System  reliability  in  any  ICS  program  is 
closely  related  to  the  accuracy  of  air  quality 
forecasts.     Unfortunately,  no  dii^ct  comparisons 
of  air  quality  forecasts  with  observed  air 
quality  levels  are  available  for  operating  ICS 
programs.     Information  of  this  type  is 
available,  however,  from  ER&T  for  their  Boston 
AIRMAP  network,  an  11  station,  real-time  sulfur 
dioxide  monitoring  and  fore  ^asting  system  in 
operation  since  December  1971    (Gaut  1973,  Gaut 
1975).     In  Figure  .12-3  the  percentages  of  time 
for  which  differences  between  forecasted  and  ^ 
observed  values  are  within  specified  absolute 
limits    {<0.005  ppm,   ^0.010  ppm,  <0.020  ppm)  are 
indicated.     Predictions  are  within  0.010  ppm 
betweer^  80-95  percent  of  the  time.  ERST 
concludes  that  these  statistics  indicate  a 
forecasting  skill  better  than  the  minimum 
required  for  a  reliable  ICS  program.  These 
forecasts  are  applicable  for  a  multi-source, 
urban  area;  forecasts  for  regions  dominated  by 
single  sources  may  be  even  more  reliable. 
However,  specific  terrains,  source 
configurations,  and  local  meteorologies  can  pose 
signficant  difficulties  in  air  quality 
forecasting,  as  earlier  examples  show.  Also, 
typical  2U-hour  sulfur  dioxide  concentrations  in 
the  Greater  Boston  area  are  relatively  low  (peak 
concentrations  are  in  the  range  of  0.05-0.10 
ppm);  thus,  percent  error  rather  than  absolute 
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error  comparisons  of  the  ERST  data  would  be  less 
impressive. 


Recapitulation 

Only  limited  data  are  available  to  assesfs 
performance  of  operating  ICS  technology.  Those 
data  which  are  available  pertain  to  individual 
sources  of  sulfur  dioxide,  either  power  plants 
(TVA)   or  smelters   (ASARCO) •     System  performance 
is  varied;  a  "typical"  ICS  cannot  be  described 
based  on  these  data.     Indeed,  ICS  performance 
seems  to  be  highly  dependent  on  local 
meteorology^  terrain  and  source  characteristics^ 
and  particular  system  operating  procedures.  In 
general r  currently  operating  systems  provide 
significant  reductions  in  peak  ambient  sulfur 
dioxide  concentrations  measured  near  the 
emission  source.     However,  all  relevant  ambient 
air  standards  are  still  not  met  in  the  vicinity 
of  several  of  the  sources  which  have  implemented 
ICS  technology,  particularly  the  short-term 
local  standards  which  are  more  stringent  than 
the  present  Federal  standards. 

This  review  has  demonstrated  that  a  need 
exists  for  a  fully- documented  analysis  of  an 
operating  ICS  system.     Such  a  study  should 
generate  sufficie|[>t  records  of  source  data, 
meteorological  data,  and  actual  as  well  as 
forecasted  air  quality  data  to  permit  a 
definitive  estimate  of  ICS  reliability  under 
various  conditions.     A  120-day  study  of  a  power 
plant  burning  eastern  coal  and  applying  ICS 
measures  is  suggested. 


Availability 

Two  separate  issues  regarding  availability 
of  the  tall  stack-ICS  approach  are  considered 
here: 

(1)  Availability  of  the  generating  unit 
itself,  due  to  meteorologically-based  load 
reductions,  including  constraints  imposed  by 
load  shifting  or  fuel  switching. 

(2)  Availability  of  trained  personnel 
and/or  firms  with  requisite  forecasting  and 
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monitoring  capabilities  to  implement  ICS 
controls. 

Generating  Unit  Availability 

The  first  of  these  issues  can  be  partially 
assessed  with  TVA  data  which  forecast 
anticipated  load  reductions  at  9  power  plants  if 
ICS  measures  are  imposed  through  load  shifting 
alone   (Table  12-8)    (TVA  1973)  •  VJithout 
construction  of  5  new  tall  stacks  at  3  plants 
(Kingston^,  Shawnee,  Widows  Creek),  power  output 
drops  of  346,000  MW-hours  per  year  are  forecast; 
this  represents  0,25  percent  of  the  generating 
capacity  of  the  9  plant  network  (0,4  percent  at 
an  average  load  factor  of  0,61) •  With 
construction  of  new  stacks,   reductions  of 
107,500  MV^- hours/year  are  anticipated  (0.08 
percent  of  full  load  or  0.13  percent  of  average 
load) .     Predicted  and  actual  performance  can  be 
compared  for  the  Paradise  plant,  for  the  first 
39  months  of  ICS  control   (September  1969- 
Kovember  1972)    (Montgomery  et  al.  1973). 
Reductions  would  have  been  required  106  days 
during  this  time   (33  days/year)   if  the  plant 
were  at  or  near  full  capacity;  actual  load 
reductions  totaled  41  days   (13  days/year)  with 
an  average  length  3.6  hours  and  size  454  MW  (22 
percent  reduction)  •  *  , 

Several  points  associated  with  this  topic 
deserve  further  explanation: 

(1)  Although  average  load  reductions 
required  in  the  TVA  system  are  low;  reductions 
required  for  other  plants  may  not  be  in  this 
range.     For  example,  the  two  ASARCO  smelters 
considered  earlier  represent  much  more  difficult 
applications  of  ICS  technology,  and  require 
correspondingly  greater  average  reductions  in 
plant  output   (15-17  percent  yearly  average 
curtailment  at  Tacoma,  27-35  percent  at  El 
Paso)  . 

(2)  Additional  reserve  capacity 
requirements  are  implied  if  ICS  control  is 
exercised  through  load  shifting  rather  than  fuel 
switchihg.     For  example,  preliminary  studies  by 
TVA  indicate  that  additional  reserve 
requirements  on  the  order  of  3-4  percent  of  peak 
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power  QyQtem  load  would  be  needed  if  fuel 
switching  were  not  utilized,  and  if  load 
switching  were  confined  to  the  TVA  network, 

(3)     The  ability  to  load  switch  is  limited 
if  large  scale  adverse  meteorology  affects  a 
large  region  rather  than  only  one  plant  and  one 
locality;  the  frequency  of  occurrence  of  this 
condition  differs  in  various  parts  of  the 
country.     For  example,  in  the  Tennessee  Valley, 
TVA  has  noted  100  occasions  since  September  24, 
1973  when  the  meteorological  conditions 
appropriate  for  generation  reduction  occurred  at 
one  or  more  of  the  following  plants:  Allen, 
Cumberland,  Gallatin,  Paradise,  and  Widows 
Creek,     (These  plants  are  located  in  a  three- 
state  area  within  the  Tennessee  Valley,)  During 
this  period  of  time,  the  potential  need  for 
simultaneous  generation  reduction  at  two  plants 
existed  on  17  days;  because  of  plant  operating 
conditions,  simultaneous  redpctions  were 
necessary  on  only  3  of  the  17  days.  The 
potential  need  for  simultaneous  generation 
reductions  at  3  plants  existed  on  one  day; 
curtailments  at  all  three  plants  were  not 
necessary  on  that  day  due  to  operating 
conditions   (Montgomery  1974) . 

(4)     Load  shifting  for  environmental  reasons 
is  currently  not  practiced  in  the  nation's  power 
pools,  with  the  exception  of  plants  in  the  Los 
Angeles  basin,  where  minimum  NOx  dispatch*  is 
practiced   (i,e, ,  power  plants  are  brought  on 
line  to  provide  power  with  minimum  total  NOx 
emissions  in  the  basin)    (Schweppe  1974), 
Dispatch  of  power  based  on  air  quality 
constraints  is  potentially  available,  but  time 
would  be  needed  to  work  out  new  pool  agreements, 
and  some  increases  in  computer  control  costs  and 
power  costs  could  be  expected.     However,  an 
individual  plant's  ability  to  load  shift  for  ICS 
purposes  would  depend  on  its  particular 
situation   (location,  power  system,  and  pool 
arrangement).     Some  systems,  notably  American 
Electric  Power  Service  Corporation,  do  not 
operate  within  a  pool,  and  plants  within  that 
system  could  shift  independent  of  pool 
agreements.     Some  plants  within  power  pools 
could  arrange  interim  load  shifts  easily,  if  the 
pool  were  willing  to  treat  an  environmental 
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outage  as  a  forced  pov;er  outage.     in  other 
cases ^  however^  interim  or  long-term  pool 
arrangements  to  allow  ICS  load  shifting  could  be 
more  difficult  to  bring  about. 

(5)     It  is  important  to  note  that  the 
practicality  of  implementing  ICS  actions  which 
demand  load  reductions  can  be  questioned,  since 
\      the  desire  to  meet  AAQS  may  Conflict  with  the 
\     desire  of  utilities  to  maintain  an  adequate 
power  supply.     For  example,  TVA^has  stated 
•..There  are  two  power  system  operational 
conditions  in  which  the  Paradise  steam  Plant 
would  not  reduce  generation  load  below  a  minimum 
level  during  a  designated  sulfur  dioxide 
emission  limitation  period.     These  restrictive 
conditions  befcame  effective  when  further 
limitation  in  load  would  cause  power  system 
instability  and  risk  a  failure  in  the  supply  of 
firm  power  to  customers"   (Montgomery  et  al. 
1973).     These  two  competing  objectives — reliable 
sulfur  dioxide  control  and  reliable  power— could 
presumably  clash  if  load  reductions  are 
implemented  on  a  large  scale  in  ics  programs.^ 

Most  of  the  constraints  suggested  above  are 
applicable  to  ICS  approaches  which  depend  on 
load  shifting  as  a  means  for  controlling 
emissions  during  adverse  meteorological  periods. 

Constraints  are  also  applicable  for  fuel 
switching    (PEDCO  1974) : 

(1)  Many  coal-fired  plants  require  major 
modifications  in  coal  handling  and  feeding 
systems  before  they  have  a  fuel-switching 
capability  based  on  low  sulfur  coal.  These 
modifications  include  provision  of  separate 
storage  stockpiles  of  low  sulfur  fuel,  erection 
of  conveyers  to  move  coal  from  storage  areas, 
and  construction  of  separate  or  partitioned 
bunkers  for  feeding  the  low  sulfur  coal  supply 
to  the  boiler.  ^ut^t'^y 

(2)  The  time  required  to  effect  a  fuel 
switch  to  low  sulfur  coal  can  prevent  the 
attainment  of  the  federal  3-hour  AAQS,  or  other 
short-term  local  standards.     Fuel  switching 
times  can  be  expected  to  vary  from  20  minutes 
(with  partitioned  bunkers)   to  3  or  more  hours 
(when  no  bypass  exists  for  high  sulfur  coal  in 
the  bunkers) . 
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(3)     Operating  problems  can  be  encountered 
in  units  not  designed  for  low  sulfur  coal  when 
this  fuel  is  burned  for  prolonged  periods  of 
time.     Such  problems  are  associated  with  the 
higher  moisture  content,  lower  heating  value^ 
and  different  ash  charactet'istics  of  lovj  sulfur 
coals;  the  problems  include   (a)  increased 
emissions  of  particulate  matter  and  reduced 
collection  efficiency  of  electrostatic 
precipitators,    (b)   reduced  capacity  of 
generating  units  and  associated  mechanical 
equipment  such  as  pulverizers  and. coal  bunkers, 
and   (c)   increased  slagging, 

(U)     Burning  low  sulfur  fuel  oil  as  an  . 
alternate  fuel  in  units  with  dual  firing 
capabilities  eliminates  the  constraints 
mentioned  above.     However,  this  alternate  firing 
capability   (with  storage  and  piping  facilities) 
in  units  not  so  equipped  will  cost  from  $12- 
$40/kw,  depending  on  the  size  of  the  unit.  In 
addition,  assured  supplies  of  low  sulfur  oil  may 
not  be  available. 


Availability  of  Personnel  and  Firms  with  ICS 
capabilities 

A  number  of  different  potential^.  ICS 
applications  exist,  with  individual  applications 
of  this  technology  requiring  different 
forecasting,  modeling,  and  monitoring  efforts 
and  capabilities.     At  one  end  of  the  spectrum 
are  plants  located  in  relatively  flat  terrain, 
equipped  with  tall  stacks,  and  burning  fuels 
with  low  to  intermediate  sulfur  content. 
Without  other  complicating  factors,  these  plants 
could  presumably  implement  ICS  programs  which 
would  feature  relatively  few  emission  reductions 
per  year.     Forecasting,  modeling,  aind  monitoring 
problems,  although  significant,  would  be 
minimized.     At  the  other  end  of  the  spectrum 
would  be  plants  located  in  areas  where  there  are 
severe  meteorological  conditions  or  where  plume 
patterns  are  significantly  affected  by 
disturbances  of  air  patterns  created  by  ^arby 
structures  or  terrain.     Implementation  of  ICS 
programs  in  these  situations  would  feature 
relatively  large  numbers  of  emission  reductions 
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per  year,  and  f orecasting-modeling-monitoring 
problems  would  be  significantly  increased. 

The  technical  efforts  exerted  to  initiate 
and  operate  an  ICS  program  at  either  extreme  are 
significant,  but  of  a  different  order  of 
tnagnitude.     If  the  more  complex  ics  systems  were 
implemented  for  many  sources,  current 
capabilities  of  competent,  trained  personnel  and 
firms  which  can  deliver  such  services  could  be 
inadequate.     Even  more  significant  constraints, 
applicable  to  all  ICS  applications^  could  be 
hardware  needs    (specifically  ambient  air  quality 
and  emissions  monitoring  equipment  and 
telemetry)    and  time  requirements  to  reach  full 
operation  of  an  ICS  program-* 


costs  for  tall  stack-ICS  programs  can  be 
expected  to  vary  considerably  from  plant  to 
plant,  with  an  obvious  trade-off  existing  be- 
tween amount  spent  for  tall  stack  c6nstruction 
and  fuel  or  load  switch  costs.     The  amount  TVA 
spent  to  develop  its  tall  stack-ICS  program  at 
nine  plants  could  be  illustrative  of  average 
plant  costs,  and  is  shown  in  Table  12-9 
(Montgomery  and  Frey  197^*,  TVA  1974,   Frey  1974). 

The  TVA  program  includes  construction  of 
five  new  tall  stacks   (800-1000  feet  in  height) 
at  three  plants   (replacing  25  stacks  with 
heights  between  250-300  feet),  construction  of 
coal  switching  capabilities  at  three  plants,  and 
development  of  ICS  programs  and  monitoring  at 
all  nine  plants-     Fuel  switching  will  be 
practiced  at  Colbert,  Cumberland,  and 
Johnsonville  plants;   load  switching  at  Allen, 
Gallatin,  Paradise,   Shawnee,  and  Widows  Creek 
plants;  Kingston  will  rely  on  tall  stacks  alone. 
Operating  costs  presented  in  Table  12-11  include 
annualized  capital  charges,   replacement  power  or 
low  sulfur  fuel  charges  for^  an  equivalent  of 
107,500  MW-Hours  of  electrical  power,  and 
operation-maintenance  expenses - 

TVA  average  costs  of  approximately  $a/kw 
capital  and  approximately  0-15  mills/kwh 
operating  cost  appear  to  be  low  estimates  in  at 
least  two  respects,   if  these  expenditures  are  to 
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be  considered  accurate  fdt  all  situations. 
Reserve  capacity  of  the  TVA  systein  would  need  to 
be  increased  if  'load  switching  were  undert^aJcen 
without  purchase  of  replacement  power  from  other 
utilities;  capital  and  operating  costs  cited 
could  be  at  lesast  doubled  if  reserve  ^ 
requirements  on  the  order  of  3-U  percent 
system  load  were  required.     Also^  the  per- 
kilowatt  costs  may  be  too  low  an  estimate  for 
other  plants  due  to  the  large  average  size 
(about  1750  MW)   of  the  TVA  plants  included  in 
the  nine  plant  network;  tall  stack  costs  and  ICS 
program-monitoring  costs  should  be  relatively 
independent  of  plant  capacity.     For  example, 
note  that  per  plaiit  costs  shown  in  Table  12-9 
are  capital  costs,  $6.7  million;  annual  ^costs, 
$1.2  million.     If  these  costs  are  associated 
with  a  1000  MW  plant  operating  at  65  percent 
load  factor,  average  costs  are  increased  to 
$6.70/kw  for  capital  costs  and  0.2  mills  kw-hour 
for  annual  costs.  ^ 

Hence,  costs  for  operating  a  tall  stack^ICS 
program  at  an  average  power  plant  can  best  be 
stated  in  terms  of  a  relatively  bread  range, ^ 
accounting  both  for  ^he  TVA  experience  and 
-  possible  cost  increments  due  to  increased 
reserve  requirements  and  plant  size  effects. 
Capital  Costs:  $a-10/kw 

Operating  Costs, 
including  annualized 

capital  charges:  0.15-O.OU  mills/kwh 

These  costs  can  be  compared  to  previous  esti- 
mates by  MacDonald   (1973)    (capital  costs,  $5/kw^ 
operating  costs,   1  mill/kwh)   and  Jimeson  et  al. 
(1974)    (operating  costs  in  the  range  of  0.02-1.4 
^mills/kwh,  dependent  on  whether  load  or  fuel 
switching  is  used) 

Secondary  Environmental  Impacts 

Much  6f  the  controversy  surrounding  use^  of 
the  tall  staok-ICS  technology  is  not  s'pec^*^(i- 
cally  associated  with  control  of  ambient  suiFur 
dioxide  concentrations,  but  rather  with  possible 
secondary  environmental  impacts  of  the  tech- 
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nolcgy.     Since  tJtie  technique  essentially  relies 
on  disperslort   (i.e.^  dilution)   to  reduce  ambient 
concentrations^  long-term  sulfur  dioxide 
pollutant  loadings  vented  t6  the  atmo^pKe^re^re 
usually  only  negligibly  reduced.  Possible 
environmental  effects  associated  with  these 
atmospheric  loadings  include:  • 

•impact  of  suspended  sulfate  aerosol  con- 
centrations, including  possible  health  effects 

(inpreased  morbidity  and  mortality) ,  damage  to 
materials  and  plants,  ^nd  aesthetic  effects 

(visibility  reduction,  climate  and  weather 
changes) • 

•impact  of  acid  rainfall,  due  to  acidifi- 
cation of  soils  and  water.  / 

Unfortunately,  most  of  these  impacts  are 
unqu^ntified  at  prS'sent,  or  are  clouded  with 
scientific  uncertainty.     Acceptance  of  the  tall 
stack  technology,  therefore,  depends  on  a 
subjective  decision  that  the  risks  and 
uncertainties  associated  with  potential 
environmental  impacts  due  to  these  effects  are 
outweighed  by  the  incremental  cost  of  continuous 
emission  controls. 

EPA  ^gwpoint 

EPA  suggests  concentrations  of  suspended 
Ifates  in  the  6-10  ugm/m^  range   (24  hour  or 
nger  exposure)   are  associated  with  adverse 
human  health  effects   (Finklea  1974). 
Altshuller's  analysis  of  National  Air 
Surveillance  Network   (NASN)    data  for  1964-1968 
indicated  that  such  low  levels  of  sulfate 
concentration  were  widespread,  and  correlated 
with  correspondingly  low  levels  of  sulfur 
dioxide  concentrations  in  urban  areas. 
Altshiiller  also  suggested  that  high  sulfate 
concentrations  at  eastern  and  midwestern  non- 
urban  locations  were  attributable  to  the 
chemical  conversion  of  sulfur  dioxide  to  sulfate 
during  transport  downwind  from  urban  areas,  with 
sulfate  levels  of  at  least  5  ugm/m^  carried  into  , 
urban  areas-     Assuming  this  analysis  was 
correct,  Altshuller  concluded  that,  for  eastern 
and  midwestern  portions  of  the  United  States, 
"...a  uniformly  large  reduction  in  sulfur 
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dioxide  is  necessary^ • . to  secure  substantial 
decreases  in  sulfate  concentration  levels  at 
many  urban  sites  and  at  all  non-urban  sites 
(Altshuller  1973).     In  a  later  analysis  of  NASW 
data  for  the  period  1964-1970^  Frank  modified 
the  earlier y  general  sulfur  dioxide-stilf ate 
correlation^  finding  "sulfate  ^ 
concentrations. . o are  not  clearly  related  to 
ambient  sulfur  dioxide  concentrations  at  indi- 
vidual locations  and  can  be  better  described  by 
the  concentration  of  total  suspended  particulate 
matter  and  the  general  geographic  locality  of 
the  monitoring  station."  Frank's  analysis  did 
indicate  that  a  broad  geographic  similarity 
exists  between  pverall  ambient  concentration 
levels  of  sulfur  (Jioxide^  the  sulfate  fraction 
of  total  suspended  particulate  matter  ,  and 
area-wide  sulfur  dioxide  emission  densities;  in 
addition^  his  analysis  tended  to  substantiate 
the  existence  of  a  higher  background  of  sulfate 
concentrations  in  the  eastern  United  States. 
Since  most  sulfate  particulate  formation 
^Pjpobably  results  from  atmospheric  reactions  of 
sulfur  dioxide^  Frank  concluded  that  ''•...the 
influence  of  more  distant  sulfur  dioxide  emis- 
sions on  sulfate  concentrations  could  satis- 
factorily explain  both  the  general  geographic 
similiarity  of  sulfate  levels  and  the  apparent 
differences  in  ambient  sulfur  dioxide  and 
sulfate  concentrations"   (Frank  197U). 

Finklea  has  recently  sharpened  this  argu- 
ment^ pointing  out  that  sulfur  dioxide  emissions 
in  major  cities  decreased  by  50  percent  between 
1960-1970^  while  nationwide  sulfur  dioxide 
emissions  increased,  with  80  percent  of  these 
emissions  due  to  power  plants  east  of  the 
Mississippi  River.     Finklea  argues  that  long- 
range  trand^port  of  acid-sulfate  aerosols  from 
one  region  to  another  is  plausible,  based  on  an 
analysis  of  turbidity  levels,  acid  rainfall 
patterns,  and  high  annual  average  sulfate  levels 
in  the  eastern  United  States.     However,  as 
Finklea  points  out,  there  are  significant 
scientific  uncertainties  in  the  sulfate  data 
base:   limited  historical  data;  limited 
monitoring  information,  especially  simultaneous 
monitoring  in  urban,  suburban,  and  rural  areas; 
limited  understanding  of  mechanisms  and  rates  of 
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transformation  of^  sulfur  dioxide  to  acid-sulfate 
aerosols  in  plumes  and  in  the  atmosphere; 
inadequate  dose-response  functions  for 
addressing  health  effects;  and  lack  of  precise 
predictive  models  showing  effects  of  long--range 
transport  and  stack  height  on  ambient  pollutant 
concentrations.     Despite  these  uncertainties^ 
EPA  has  concluded  that:    (1)   failure  to  reduce 
SOx  emissions  may  result  in  thousands  of  excess 
deaths  and  illnesses;    (2)   reduction  of  SOx 
emissions  from  urban  and  rural  power  plants  vill 
be  required;    (3)   conversion  of  power  plants  to 
high  sulfur  fuels  and  use  of  tall  stack-ICS 
approaches  will  aggravate  the  sulfate  problem 
(Finklea  1974)  . 


An  Opposing  Viewpoint 


Arguments  disputing  the  EPA  sulfate  analysis 
as  it  applies  to  tall  stack-ICS  strategies  have 
been  put  forth  by  TVA  (1973),  by  th^e  Federal 
Enei^y  Administration  (1974) ,  and,  in  a  major 
advertisement  series,  by  American  Electric  Power 
Service  Corporationo     A  number  of  recurrent 
themes  are  identifiable  in  these  and  other 
arguments  which  support  tall  stack-ICS 
technology: 

(1)  This  technology  does  not  have  the 
secondary  impacts  associated  with  flue  gas  de- 
sulf urization  technologies,  namely  sludge 
creation  and  disposal  problems  or  relatively 
high  energy  requirements   (5-7  percent  of  output 
power)   to  operate  the  FGD  systems; 

(2)  Tall  stack-ICS  technology  is  capable  of 
meeting  existing  AAQS  for  sulfur  dioxide,  even 
in  those  situations  where  current  emission 
regulations  will  not  guarantee  meeting  ambient 
standards ; 

(3)  If  acid-sulfate  aerosols  pose  dangers 
to  health,  welfare,  and  aesthetics  as  suggested 
by  EPA,  AAQS  for  this  class  of  pollutants  should 
be  established,  following  the  procedures  set 
forth  in  the  1970  Clean  Air  Act  Amendments,  If 
information  regarding  sulfates  is  not  sufficient 
to  issue  a  criteria  document,  then  tall  stack- 
ICS  technology  should  not  be  rejected  on  the 
basis  of  present  information. 
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(4)  EPA's  advocacy  of  oxidation  catalysts 
for  vehicles^  a  control  technology  which  might 
produce  high  ambient  sulfate  concentrations  in 
transportation  corridors  and  in  center-city 
areas^  is  not  consistent  with  its  stance  on  tall 
stack- ICS  technology.     Each  technology  may 
exacerbate  the  sulfate  problem^  yet  EPA  is  an 
advocate  of  oxidation  catalyst  technology^  an 
opponent  of  tall  staqk-ICS  technology. 

(5)  Use  of  tall  stack-ICS  methods  allows 
immediate  increased  combustion  of  coal^  the 
nation's  most  plentiful  fuel  resource.     Use  of 
this  tecfhnology  will  ease  the  nation's  clean 
fuels  deficit  and  still  allow  compliance  with 
sulfur  dioxide  AAQS. 


Recapitulation 

Judging  the  persuasiveness  of  arg\iments  on 
both  sides  of  this  controversy  16  a  major  task 
of  the  current  NAS/NAE  study.  The  controversy 
centers  ^bout  two  issues: 

(1)  What  are  the  health,  welfare,  and 
aesthe.tic  effects  associated  with  present  and 
anticipated  levels  of  sulfate  aerosols  and  sul- 
fur dioxide  in  the  atmosphere? 

(2)  What  role  do  power  plants  employing  ICS 
technology  and/or  tall  stacks  play,  both  now  and 
in  the  future,   in  the  relationship? 

Decisions  regarding  these  issues  may  have  to 
rest  on  subjective  as  well  as  objective  ap- 
praisals.    For  the  tall  stack-ICS  technoldgy, 
two  separate  levels  of  inquiry  appear  to  be 
warrar>ted: 

(1)  Should  tall  stack-ICS  technology  be 
considered  as  a  permanent  emission  control 
technique? 

(2)  If  not,  is  this  technology  practicable 
as  an  interim]pontrol  technique? 

In  making  these  judgments,  a  potential  com- 
promise position  can  be  i-dentified  which  seems 
to  be  within  the  existing  data  base.     The  tall 
stack-ICS  technology  could  be  rejected  as  a 
permanent  control  technique  on  the  basis  of  the 
probability  of  substamtial  potential  risks 
associated  with  increased  atmospheric  loading  of 
sulfur  compounds.     At  the  same  time,  the 
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technology  could  be  accepted  for  carefully 
defined  situations  as  an  interim  control 
technique^   on  the  basis  of  the  need  to: 

(1)     Select  suitable  interim  sulfur  dioxide 
control  techniques  during  large  scale  im- 
plementation of  FGD  technology and 

{2)     Reduce  the  clean  fuels  deficit  while  • 
allowing  compliance  vjith  sulfur  dioxide  AAQS^  if 
not  potential  sulfate  standards.     It  would 
appear  that  the  Ford  Administration  has  recently 
adopted  this  position^  in  a  November  22 
statement  of  the  Energy  Resources  Council.  The 
Council  agreed  to  support  the  policy  of 
requiring  continuous  emission  controls  for  all 
new  and  existing  power  plants^   subject  to 
deferral  of  compliance  by  those  plants  v/here 
implementation  of  ICS  technology  is  deemed  a 
feasible  and  enforceable  alternative  for  meeting 
primary  sulfur  dioxide  standards.     Power  plants 
in  some  instances  could  use  the  ICS  approach 
until  as  late  as  January  1,   1985.     Ambient  air 
standards  would  have  to  he  met  during  the 
interim^,  and  compliance  schedules  for  installing 
permanent  controls  v/ould  have  to  be  agreed  to 
before  use  of  ICS  controls  would  be  allowed 
(Environment  Reporter  1974) . 

ENFORCEMENT 

An  important  issue  regarding  the  efficacy  of 
ICS  technology  concerns  the  legal  enforceability 
of  these  systems.     Principal  attention  here  has 
been  focused  on  the  question  of  v/hether  AAQS  can 
be  attained  without  enforcing  emission 
limitations.     The  issue  was  pointedly  referred 
to  by  Senator  Edmund  Muskie  in  Senate  discussion 
of  ESECA: 


An  important  clarification  in  the 
conference  report  relates  to 
enforcement  of  interim  procedures  to 
assure  compliance.     Senate  conferrees 
insisted  that  the  Environmental 
Protection  Agency's  determination  that 
emissions  from  coal  converters  vjould 
not  cause  primary  standards  to  be 
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exceeded  muot  be  articulated  in 
emission  limitations  or  other^  precise 
enforceable  measures  for  regulating  ^ 
what  comes  out  the  stack.  The 
conference  report  on  this  bill  under- 
scores the  fact  that  it  is  not  ambient 
standards  which  are  enforced  but^ 
emission  limitations  or  other  stack 
related  emission  control  measures. 
Ambient  standards  are  only  a  guide  to 
the  levels  of  emission  controls  which 
must  be  achieved  by  specific  sources. 
In  1970^  we  recognized  that  a  control 
strategy  based  on  a  determination  of 
ambient  air  pollutant  levels  in 
relation  to  each  individual  sourcje 
would  be  unenforceable.     Existing  clean 
air  implementation  relies  specifically 
on  the  application  of  enforceable 
controls  against  specific  sources.  We 
have  continued  that  procedure  in  this 
law  (Cong.  Rec.  197^*). 


Emissions-Based  versus 
Air  Quality-Based  Enforcement 

The  relative  lack  of  enforceability  of  AAQS 
compared  to  the  relative  simplicity  of  enforcing 
compliance  emission  standards  is  not  in 
question.     In  the  first  situation   (AAQS)  ,  the 
contribution  of  a  single  pollutant  source  to 
resulting  ambient  air  quality  is  difficult  to 
determine;  in  the  other  case  (emission 
standards)   specific  standards  are  applicable  to 
individual  source.     The  key  to  effective 
enforcement  of  ics  control^   then^  appears  to  be 
rooted  in  enforcement  of  specific  emission 
limitation  violations  rather  than   (or  in 
addition  to)   enforcement  of  AAQS  violations.  In 
ICS  enforcement  based  on  emission  standards^ 
predetermined  emission  rates   (calculated  by 
forecasting  meteorology  and  modeling  air 
quality,  and  monitored  by  in-stack  measurements) 
form  the  basis  for  determination  of  individual.^ 
source  compliance;  in  ICS  enforcement  based  on 
air  quality  standards,  measured  ground-level 
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ambient  concentrations  are  the  sole  information 
source  relied  Upon  for  enforcement. 


EPA  Proposed  Regulations 

EPA* 8  proposed  regulations  (FR  1973)   for  ICS 
systems r  as  well  as  the  agency's  recently 
proposed  rule-makings  (FR  19743,  197ab)   for  ICS 
controls  for  certain  western  smelters ,  recognise 
the  importance  of  emisjsion-based  controls  for  ^ 
practicable  enforcement.     Specifically,  the 
following  measures  are  provided: 

(1)  Air  quality  violations  are  defined  as 
"non-compliance  with  stated  and  agreed  upon 
emission  curtailment  conditions  and  procedures" 
as  well  as  «a  single  ambient  concentration  that 
exceeds  the  standard  at  any  point  in  the  area 
significantly  affected  by  the  source  emissions" 
(FR  1973) . 

(2)  The  emission  source  must  "establish, 
maintain,  and  continuously  operate  monitors  for 
detecting  the  pollutant  emission  rate,  air 
quality,  and  meteorological  variables." 
Furthermore,  the  agency  must  be  granted  "con- 
tinuous access  to  all  emission^  air  quality,  and 
meteorological  data  collected  by  the  source,"  as 
well  as  "authority  to  inspect,  test,  and 
calibrate  all  sensors,  recorders,  and  other 
equipment  operated  by  the  source  to  collect 
these  data"    (FR  1973) . 

(3)  The  emission  source  is  required  to 
assume  liability  for  violation  of  AAQS  viithin  a 
"designated  liability  area,"  i.eo,  the 
geographic  area  within  which  emissions  from  a 
source  may  significantly  affect  the  ambient  air 
quality.* 


(4)     Before  approval/  of  ICS  controls  will  be 
granted,  the  emission  source  must  submit  to  the 
EPA  Administrator  a  comprehensive  report  of  a 
study  which  demonstrates  the  capability  of  the 
ICS,  in  conjunction  with  other  control  measures, 
to  meet  ambient  air  standards    (FR  1974b) .  The 
study  must  include  a  test  period  of  at  least  120 
days,  during  which  ics  controls  are  developed 
and  operated.     The  report  must: 
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•describe  and  identify  various  elements  of 
the  ICS  (monitoring r  forecasting,  determination 
of  eBiission  rates)  ; 

•estimate  the  frequencry  of  necessary  emis- 
sion rate  reductions; 

•include  data  and  results  from  objective 
reliability  tests;  and 

•demonstrate  that  implementation  of  ICS  and 
other  control  measures  will  result  in  attainment 
and  maintenance  of  AAQS. 

(5)  Before  approval  of  ICS  controls  can  be 
granted,  the  emission  source  must  submit  to  the 
Administrator  an  operational  manual  (FR  197^*b) 
for  the  ICS  which: 

•specifies  number,  type,  and  location  of 
ambient  air  quality  monitors,  in-stack  monitors, 
and  meteorological  instruments  to  be  used; 

•describes  techniques,  methods,  and  criteria 
for  forecasting,  as  well  as  methods  for  system- 
atically evaluating  and  improving  the 
reliability  of  the  sytem; 

•specifies  maximtim  emission  rates  for  all 
probable  meteorological  and  air  quality 
situations  so  that  AAQS  will  not  be  exceeded  in 
the  designated  liability  area;  and 

•describes  specific  curtailment  actions 
which  will  be  taken  when  meteorological  con- 
ditions demand  and/or  when  specified  air  quality 
deterioration  occurs. 

(6)  The  source  is  required  to  follow  cer- 
tain recordkeeping  procedures,  including 
submission  of  monthly  reports  describing  and 
analyzing  actual  ICS  performance  compared  to  the 
approved  operations  manual. 


Assessment  of  Enforceability 

Enforcement  based  on  these  factors  should  be 
considerably  more  effective  than  enforcement 
based  on  violations  of  AAQS  alone,  for  the 
following  reasons  (Gaertner  et  alo   1974)  : 

(1)  Workable  enforcement  procedures  can  be  ' 
established  prior  to--the  control  agency's 
authorizatic^n  of  an  ICS.  ^ 

(2)  Justification  for  the  ICS  and  opera- 
tional details  of  the  ICS  are  subject  to 
evaluation  and  approval  before  authorization  of 
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the  system,     in  particular,  the  agency  can 
demand  use  of  conservative  diffusion  modeling 
techniques  and  data  interpretations  to  help 
insure  that  emission  reductions  v;ill  be 
instituted  at  least  as  often  as  required  to 
maintain  ambient  standards, 

{3)     With  the  ICS  application  well  defined 
by  preliminary  documents ,  enforcement  should 
principally  involve: 

(aj     Determining  whether  the  emission 
source  is  operating  according  to  the 
approved  operational  manual.     Emission  rate 
reductions  provided  for  in  the  manual  and 
not  actually  instituted  would  constitute 
violations  of  standards ;  surveillance  of 
emission  rates  would  detect  these 
violations, 

(b)     Deciding  when  violations  of  AAQS 
occur.     Accurate  monitoring  of  air  quality 
would  detect  these  violations. 
Tacit  recognition  of  the  accuracy  of  this 
assessment  appears  in  the  text  of  a  recent  EPA 
decision  concerning  a  Nevada  smelter    (FR  197  4b) : 

"By  allowing  the  use  of  [ICS],  the  Admini- 
strator is  acknowledging  that  [ICS]  can  in- 
corporate design  and  enforcement  features  that 
will  provide  a  reliable  means  to  attain  and 
maintain  national  sulfur  dioxide  standards. " 


Costs  of  Monitoring  and  Enforcement 

The  monitoring  and  enforcement  effort 
required  of  regulatory  agencies  to  supervise 
implementation  of  ICS  technology  is  greater  than 
that  required  for  continuous  emission  controls. 
Hence,  agency  monitoring  and  enforcement  costs 
are  expected  to  be  higher,  although  it  is  diffi- 
cult to  predict  the  exact  level  of  added  re- 
sources which  vjill  be  required. 

Estimates  of  the  amount  of  resources  ex- 
pended by  PSAPCA  in  enforcement  of  control  of 
emissions  from  the  ASARCO^Tacoma  smelter  have 
been  referred  to  in  previous  evaluations  of  ICS 
controls    CCong.  Rec.    1^74,  Slater  1974).  Costs 
per  year  to  the  agency  for  activities  associated 
with  control  of  all  smelter  emissions  are 
variously  estimated  as  $100,000,  $160,000- 
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$200^000^  and  $200^000;  the  current  annual  total 
budget  of  the  agency  is  $1^000^000  (Dammkoehler 
19741 •     At  the  upper  limits  these  costs  are  of 
the  s^me  order  of  magnitude  as  those  required  by 
ASARCO  to  operate  the  ICS^  if  lost  production 
output  is  not  charged  to  ICS  control.     At  the 
lower  limit,  these  costs   Jabout  10  percent  of 
the  agency  budget)   appear  rea^sonable  in  view  of 
the  significance  of  ASARCX)  emissions  compared  to 
total  emissions  for  the  area. 

VJhatever  PSAPCA  costs  may  have  been  for  the 
adruinistrative^  technical,  and  legal  efforts 
involved  in  regulating  this  source,   it  would 
appear  that  costs  for  future  activities  by  other 
control  agencies  cannot  easily  be  estimated  from 
this  example: 

(!)     PSAPCA  costs  are  not  easily  dis- 
aggregated on  a  source- by-source  basis, 
accounting  for  the  relatively  wide  disparity  in 
cost  figures  cited  above. 

(2}     Enforcement  at  Tacoma  has  principally 
been  of  AAQS,  rather  than  of  emission  3,imi- 
tations  specified  by  an  operational  manual. 
Costs  involved  in  these  two  types  of  enforcement 
methodologies  may  differ  widely. 

(3)     {4any  of  the  enforcement  provisions 
described  in  the  previous  discussion  have  not 
been  applied  in  Tacomao 

Agency  costs  for  monitoring  and  enforcement 
of  ICS  systems  represent  a  hidden  cost  of 
control,  not  included  in  Table  12-9.  Proposed 
EPA  regulations   (FR  1973)    suggest  that  the 
additional  monitoring  and  enforcement  costs 
involved  can  be  defrayed  by  licensing  of  ICS 
programs  and  imposition  of  fees.  This 
suggestion  appears  equitable,  and  will  increase 
costs  shov/n  in  Table  12-9« 


STATEMENT  OF  FINDINGS  AND  CONCLUSIONS 

1.       Although  current  EPA  regulations  and 
the  Energy  Supply  and  Environmental  Coordination 
Act  of   1974  suggest  a  different  interpretation, 
tall  stack-ICS  technology  is  considered  here  as 
a  potentially  important  technological  option  for 
control  of  ambient  sulfur  dioxide 
concentrations.     At  the  very  least,  it  provides 
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TfiliLK   12  - 

Eotimatod  Capit.il  and  Annual  Cootjj   for  ICS 
Programo  at  Nine  TVA  Coal -Fired  Power  Plant o 
{Montqomory  and  Prey   1974,     TVA   1974,   Prey  1»T4) 


Capital  CoQtp 

Development,    inrjta  1 1  at  ion  of   ICS  proqramo 

mom  tor  incj  net  work  'j  at  nine  p  lant 
NOW  tall  atackfj  at   three?  plant  si 
Coal   'jwitcninq  capability  at   three  plant 
Additional   reaorve  capacity^ 

Total  Capital  Coat  $ 


5  mi  1 1 ion 
47  million 
8  mill  ion 


Annua  1  ^^jo^  □ 

Capital  chai'iaa,  $60  million  at  9.64  per  cent 
Capital  charqoD.   additional   ronerve  capacity*^ 


operation  jnd  Maintenance 
Monitors       ICS  Proqramo 
Stackii 

Rop lacement  power  charqeo*^ 
Increment  a  1   cofjtn   for   1  cjw  "  S 


$2.1  mill ion 
0.9  mil  lion 


fuel  co£ito'J  SO.  3  million 

Tranopor  t  at  X  r:in   k  nandlxnt^     0.3  million 

Tota:   Annual   Cnr.t  n 


60  mill  ion 
S3.80/KV;1- 

S  5.8  million 

3.0  million 

1.1  mi  1 1 ion 
0,6  ml  1 1 ion 

SIO"."^  mi  1  lion 

0.13  mi  IIo/KVJ-Hr^ 


Total  9-plant   capacity,    15713  M;-;. 
^  Kingoton    (2   P  1000');   Shawnee   (2   0  000');   Widowo  Crock    (1   P  1000'). 
^  Colbert,  Cumberland,   Johnoonvillo  plants. 
^  Option  not  Delected  by  TVA  and  cooto  not  eotimatcd. 
°  Five  plants,    55.5  x   10^  f-n-/H  0  20  miUo/Kl'/H,  purchaood. 
f  Throo  plants,   52  x  10  ^  m-;H. 
9  Average   load   factor,  0.61. 
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an  alternate  means  of  attaining  and  maintaining 
existing  hhQS,  an  important  capability  given 
uncertainties  or  capacity  limits  regarding  other 
control  strategies. 

2.  Tall  stack  di^fersion  is  closely 
related  to  ICS  control^  since  increased  stack 
height  decreases  the  need  for  intermittent 
emission  reductions^  assuming  control  of  ambient 
sulfur  dioxide  concentrations  is  the  sole 
objective. 

3.  In  the  most  important  legal  decision 
concerning  the  use  of  dispersion  techniques  to 
meet  AAQS^  Natural  Resouces  Defense  Council  v^ 
EP^^  the  5th  Circuit  Court  of  Appeals  ruled  that 
emission  reduction  is  the  preferred  method  Of 
meeting  ambient  standards.     A  case  involving 
similar  issues  of  fact  and  law  (TVA  y.  EPA)  is 
now  being  litigated  in  the  6th  Circuit. 

4.  A  spectrum  of  potential  appligations  of 
ICS  technology  exists  with  individual  situations 
requiring  different  forecasting*  modeling^  and 
monitoring  efforts  and  capabilities.  The 
frequency  and  extent  of  emission  reductions 
necessary  to  maintain  national  AAQS  with  ICS 
control  appear  to  be  simple  indicators  which 
demonstrate  the  degree  of  difficulty  associated 
with  a  given  use  of  this  technology. 

5.  Tall  stacks  and  ICS  methods  have  gen- 
erally proven  effective,  in  reducing  the  number 
and  extent  of  excess  concentrations  of  sulfur 
dioxide  in  the  vicinity  of  single  isolated 
sources.     Reliability   (i.e.*  ability  to  meet 
AAQS)   of  existing  systems  is  as  follows: 

(a)  At  TVA's  Paradise  Steam-generating 
Plant*  ICS  reliability  appears  good;  national 
AAQS  have  been  met  since  initiation  of  ICS 
controls  in  1969.     Emission  reductions  are 
necessary  at  Paradise  0.5  percent  of  the  year. 

(b)  At  ASARCO's  Tacoma  smelter*  system 
reliability  is  inadequate  to  meet  local  AAQS* 
although  performance  has  been  improving. 
However*  national  AAQS  have  not  been  exceeded 
since  March  1971  at  this  installation.  Average 
yearly  load  curtailment  at  Tacoma  due  to  ICS 
control  is  15-17  percent  of  full  output. 

(c)  At  ASARCO's  El  Paso  smelter*  based 
on  operating  results  for  a  36-day  period  in 
1971*  performance  characteristics  indicated  a 
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substantial  improvement  in  air  quality  due  to 
ICS  controls^,  but  system  reliability  vjas  in- 
adequate to  consistently  meet  national  or  local 
AAQS.     Average  yearly  load  curtailment  at  El 
Paso  due  to  ICS  control  is  27-35  percent  of  full 
output. 

6.  System  reliability  in  an  ICS  program  is 
a  function  of  the  accuracy  of  air  quality  fore- 
Casts.     One  set  of  forecasted  air  quality 
predictions  for  a  multi-source urban  area 
(Greater  Boston)    appears  relatively  accurate. 
Other  comparisons  of  forecasted  and  actual  air 
quality  are  not  available. 

7.  A  need  exists  for  a  fully-documented 
study  of  ao  operating  ICS  system.     Such  a  study 
should  eicamine  information  about  source  data^ 
meteorological  data,,   and  actual  as  well  as 
forecasted  air  quality  measurements  in  order  to 
permit  a  definitive  analysis  of  system 
reliability  under  various  conditions.     A  120-day 
Study  of  a  povjer  "plant  burning  high  sulfur 
eastern  coal  and  applying  ICS  measures  is 
suggested. 

8.  This  concept,   if  adopted  for  eastern 
power  plants  with  ICS  controls,  v;ould  severely 
limit  potential  applications  of  the  technology. 
A  recent  EPA  memo  indicates  only   18'  plants  in  15 
eastern  states  have  emissions  which  constitute 
90  or  more  percent  of  total  emissions  within 
their  restricted  geographical  area  (U.S. 
Environmental  Protection  Agency  1974) .  TVA 
suggests  the  designated  liability  area  concept 
sh<buld  be  applied  as  an  alternative  to 
emissions-based  enforcement  procedures,  rather 
than  as  an  additional  requirement^^^-ft^iontgomery 
1975)  . 

9.  Use  Of  the  ICS  approach  with  load 
shifting  to  reduce  emissions  during  adverse 
meteorology  has  a  number  of  implications: 

(a)     Additional  reserve  requirements 
are  needed;   preliminary  assessments  by  TVA 
indicate  these  requirements  may  be  as  high  as  3- 
percent  of  peak  power  system  load. 

?b)     The  efficacy  of  load  shifting  can 
be  limited  when  large-scale £,  adverse  meteorology 
affects  more  than  one  plant  in  a  given  region. 
Over  a  one-year  time  period,  TVA  noted  the 
potential  need  for  simultaneous  generation 
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reduction  at  two  of  five  plants  on  17  of  100  ' 
days.     Because  of  plant  operating  conditions, 
simultaneous  reductions  were  necessary  on  only 
three  of  the  17  days. 

(c)  The  ability  of  an  individual  plant 
to  load  shift  for  ICS  purposes  depends  on  its 
particular  situation,  i.e-«  location,  power 
system,  and  pool  arrangement.     For  some  plants, 
no  serious  constraints  exist;  for  other  plants, 
interim  or  long-term  power  pool  arrangements  to 
allow  load  shifting  for  ICS  purposes  could  be 
difficult  to  bring  about. 

(d)  The  practicality  of  implementing 
control  actions  which  demand  load  reductions  can 
be  questioned.    Two  competing  objectives — 
reliable  sulfur  dioxide  control  and  reliable 
power — could  presumably  conflict  if  large  scale 
load  reductions  are  needed  for  implementation  of 
programs. 

These  constraints  do  not  apply  if  emission 
reductions  occur  through  fuel  switching  as  part 
of  ICS  programs. 

10.     The'  constraints  which  are  applicable  to 
ICS  systems  using  fuel  switching  to  reduce  emis- 
sions during  adverse  meteorology  include  the 
following: 

(a)  Many  coal-fired  plants  will  re- 
quire major  modifications  in  coal  handling  and 
feeding  systems  in  order  to  provide  a  fuel 
switching  capability  based  pn  low  sulfur  coal. 

(b)  The  time"  required  to  effect  a  ftiel 
switch  to  Tow  sulfur  coal  may  prevent  the  re- 
liable attainment  of  short-term  AAQS  in  some 
situations. 

(c)  Operating  problems  with  low-sulfur 
coal  may  be  encountered  in  units  not  designed 
for  this  fuel.     These  problems  include  increas^4> 
paurticulate  emissions,  reduced  generating  ^ 
capacity,  and  increased  slagging. 

(d)  Burning  of  low  sulfiir  fuel  oil  as 
an  alternate,  f uel^'ln  units  with  dual  firing 
capabilities  eliminates  these  problems. 
However,  converting  units  without  this 
capability  to  a  dual  firing  capability  is  costly 
($12-$U0/kw) ,  and  assured  supplies  of  low  sulfur 
oil  may  not  be  available. 

These  constraints  do  not  apply  if  emission 
reductions  occur  through  load  shifting. 
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11.  Technical  efforts  to  initiate  and 
operate  an*  ICS  program  are  significant  for  all 
systems,  but  of  differing  orders  of  magnitude 
depending  on  the  complexity  of  the  system.  The 
following  constraints  exist: 

(a)  If  ICS  programs  are  installed  in 
highly  compex  situations   (e.g.,  A3ARC0-E1  paso 
situation)   for  many  sources,  trained  personnel 
And  firms  needed  to  deliver  ICS  services  may  be 
in  short  supply. 

(b)  More  significant  constraints, 
which  are  applicable  to  all  ICS  programs,  could 
be  hardware  needs  (monitoring  equipment)   and  the 
time  requirements  for  full  operation  of  the  ICS^ 
program. 

12.  Costs  for  implementing  the  tall  stack- 
ICS  approach  are  significantly  less  than 
comparative  costs  for  FGD  systems,  both  in  terms 
of  capital  and  annual  expenditures.     Based  on 
TVA  experience,  with  an  expanded  range  of  costs 
to  account  for  increased  reserve  requirements 
and  application  to  smaller  plants,  costs  can  be 
expected  to  be  as  follows: 

a 

Capital  Costs:  $4-10/kw 

Operating  costs, 
including  annualized 

capital  charges:  0.15-0.4  mills/kwh 

Regulatory^ agency  expenses  for  monitoring 
and  enforceme|^t  of  ICS  programs  Represent  hidden 
costs  of  control,  not  included  in  the  above 
estimates.     Defraying  these  costs  by  licensing 
and  imposition  of  fees  appears  equitable. 

13.  Much  of  the  controversy  surrounding 
implementation  of  the  tall  stack-ICS  approach  is 
associated  with  the  impact  of  this  technology  on 
acid-sulfate  aerosol  formation,  and  effects  of 
these  aerosols  on  health,  welfare,  and 
aesthetics.     Major  disagreements  exist  in 
interpreting  the  limited  data  base  available  for 
understanding  this  issue. 

14.  A  potential  compromise  position  re- 
garding* public  policy  toward  implementation  of 
tall  stack- ICS  techno3,ogy  can  be  identified. 
The  technology  could  be  rejected  as  a  permanent 
control  technique,  on  the  basis  of  the  proba- 
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blllty  of  oubQtantial  potential  risks  associated 
with  increassed  atmospheric  loadings  of  sulfur 
dioxide.    At  the  same  time,  the  technology  could 
be  accepted  for  carefully  defined  situations  as 
an  interim  control  technique,  because  of  its 
ability  to  meet  AAQS  during  implementation  of 
PGD  systems  and  because  of  its  role  in  reducing 
the  current  clean  fuels  deficit,  ^ 

15^     An  important  issue  regarding 
implementation  of  ICS  technolpgy  concerns  the 
legal  enforceability  of  these  systems. 
Regulations  proposed  recently  by  EPA  for  ICS 
control  emphasize  enforcement  of  prescribed 
emission  limitations  included  within  an  approved 
operational  manual  for  each  ISC  system,  in 
addition  to  enforcement  based  on  AAQS. 
Enforcement  based  on  this  dual  strategy  should 
be  more  effective  than  enforcement  based  on  AAQS 
alone,  since  most  of  the  critical  elements  of 
the  enforcement  procedure  can  be  estcjiblished  by 
the  regulatory  agency  prior  to  approval  of  the 
ICS  installation. 
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1  These  systems  are  variously  referred  to  as 
intermittent  control  systems,  closed-loop 
systems,  dynamic  e^nission  control  systems,  and 
sulfur  dioxide  emission  limitation  systems. 
ICS  is  used  here  as  a  generic  term  for  these 

,  concepts . 

2  These  plume  transport  conditions  are  briefly 
described  as  follov/s:    (2)  Coning:  Near  neu-tral 
stability  conditions,  moderate-to-high  wind 
speeds,  generally  occurring  on  cloudy  and 
windy  days  or  v/indy  nights. 

Inversion  breakup  or  fumigation:  Stable 
atmosphere,   transport  of  plume  downwind  with 
minimum  vertical  dispersibn,  followed  by  uni- 
form dispersion  to  groujid  by  thermally  induced 
vertical  mixing. 

Trapping  or  limited  mixing  layer  dispersion: 
Subsiden^ce  inversion  or  stable  air  aloft, 
uniform  dispersion  to  surface. 


Locationa  and  number  of  monitoring  stations 
havG  not  romainod  fixed.     Data  are  compared 
on  the  baoiG  of  equal  numbero  of  observations 
at  different  locations  before  and  after  im- 
plemexitation  of  the  ICS  program.     The  mon- 
itoring netv/ork  has  included  from  4  to  14 
sulfur  dioxide  monitors,  located  in  a  22.5 
degree  area  northeast  of  the  plant,  at  distances 
ranging  from  3  to  17  kilometers  ¥rom' the 
pla3i(t;  currently  9  monitors  are  in  operation. 
Until  mid-1974,  ASARCO  operated  under  a  vari- 
ance which  allov/ed  violations  of  the  lppm-5 
minute  standard.     Civil  penalties  have  been 
repeatedly  assessed  for  violations  of  the  1- 
hour  standards   (24  penalties  in  1972  for 
violations  at-  4  PSAPCA  stations;  'l6  penalties 
in  1973  for  violations  at  4  PSMgJA  stations) 
(Dammkoehler  1974)  .  Qf^ 
Dispatch  of  power  refers  to  the  scheduling  of 
power  generation  fxom  an  interconnected  het- 
work  of  plants.     Normally,  plants  ire,  scheduled 
to  operate  so  as  to  miniiaize  the  t6*b€ii  cost 
of  producing  electricity. 

TVA  estimates  a  system  for  one  of  their  plants 
would  require  16-18  months  to  becbme  fully 
operational,  including  field  study,  design,  and 
installation  phases   (Montgomery  et  al .  1974). 
PEDCO  quotes  a  12-24  month  'period  for  full 
operation,  with  some  systems  then  requiring 
1-2  years  to  achieve  reliability   (PEDCO  1974). 
Jimeson  et  al.    (1974)  cite  costs  for  a  1000- 
\m  plant  of  $0.88,  and  7.6  x  lO^/year, 
using  three  ICS  strategies.     An  operating 
factor  of  0.65  was  assumed  to  compute  costs 
per  kwh. 

This  concept,  if  adopted  -for  eastern  power 
plants  with  ICS  controls,  would  severely 
limit  potential  applications  of  the  ICS 
technology.     For  example,  a  recent  internal 
EPA  memo  indicates  only  18  plants  in  15 
eastern  states  have  emissions  which  con-  » 
stitute  90  or  more  percent  of  total  emissions 
within  their  ''liability  area"   (EPA  1974). 
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CHMTER  13 

MMiI§.IS.JQl^hhI^^hTlVE_  EM  I S  S I  o  ws 
CONTROL  STRATEgTES 

(Chapter  13  was  written  by  D.  Warner 
l^or±h  and  M.w.  Merkhofer  under  the 
general  oupervioion  df  the  committee, 
which  reviewed  the  work  at  oeveral 
stages  and  suggested  modifications  that 
have  been  incorporated.     While  every 
committee  member  has  not  necessarily 
read  and  agreed  to  every  detailed 
statement  contained  within,  the 
committee  belifeves  that  the  material  is 
of  sufficient  r.srit  and  relevance  to  be 
included  in  this  report.) 


INTRODUCTION  AND  SCOPE 

Sulfur  oxide  and  particulate  Gmission^  have 
adverse  consequences  for  human  health  an^ 
welfare,  but  the  means  for,  controlling  these 
emissions  entail  considerable  expense.  Thi^s 
section  of  the  report  presents  a  quantitative 
framework  for  comparing  alternative  strategies 
for  emissions  control  from  stationary  sources. 
The  primary  focus  of  attention  will  be  on 
emissions  from  coal  fiired  steam  electric  power 
plants  in  the  eastern  United  States.     The  method 
of  approach  to  be  used  in  this  section  is  easily 
ac^apted  to  other  sources  and  other  regions  of 
the  country. 

The  Clean  Mr  Amendments  of  1970  required 
that  by  July  1,   1975  specified  levels^ of  ahbient 
air  quality  for  sulfur  oxides  must  be  met.  On 
the  basis  of  these  ambient  standards  the  State 
Implementation  Plans   (SIP)   were  developed  that 
set  sulfur  oxide  emission  limitations.  The 
national  primary  ambient  air  quality  standard 
for  sulfur  oxide  is  SOug/m^.-for  the  annual 
arithmetic  mean  and  365ug/m3  for  a  maximum  24- 
hour  concentration.     These  values  were  selected 
to  protect  human  health,  with  a  margin  of 
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safety.     No  QGpar^ate  standard  presently  exists 
for  suspended  sulfate  levels. 

When  th^  Clean  Mr  Act  was  passed  and  during 
the  peri9'^*whGn  State  Implementation  Plans  were 
being  developedr  there  was  still  no  obvious 
indication  that  natural  gas  would  be  in  very 
short  supply  fqr  industrial  and  utility  users  or 
that  i:he  U.S.  would  be  unable  to  rely  on 
imported  oil  to  supply  a  fuel  that  was  lower  in 
sulfur  than  the  indigenous  coals  that  were  being 
burned.     Many  utilities  converted  their  coal- 
fired  facilities  to  low  sulfur  oil  or  gas  as 
quickly  as  they  were  able,  and  by  197a  23,600  MW 
of  capacity  was  burning  oil   (although  these 
facilities  may  be  reconverted  to  burn  coal) . 
The  emerging  energy  shortages  culminated  with 
the  Arab  embargo  of  oil  to  the  U.S.  in  October 
1973.     This  event  in  turn  has  motivated  an 
energy  policy  that  puts  increased  emphasis  on 
reducing  oil  imports  to  a  level  low  enough  that 
the  U-S.  economy  can  continue, to  function 
satisfactorily  even  if  the  imports  are  again 
embargoed. 

The  shift  to  low  sulfur  fuels  was  made 
because  it  appeared  tb  the  electric  utility 
industry  to  be  the  best  way  to  meet  the  new 
sulfur  oxide  standards.     Tall  stacks  and 
intenni ttent  control  systems  facilitate 
compliance  with  Sulfur  dioxide  ambient 
standards,  but  they'  do  not  reduce  the  total 
amount  of  sulfur  oxides  released  into  the 
atmosphere.     The  commercial  feasibility  of  stack 
scrubbing  devices,  the  other  viable  option  for 
reducing  sulfur  oxide  emissions,  has  been  a 
matter  of  sharp  dispute  betveen  ^he  utility 
industry  and  the  Environmental  Protection  Agency 
(EPA) .     It  is  obvious  that  the  sulfur  oxide 
levels  that  were  to  be  achieved  by  July  1,  1975 
(under  the  terms  of  the  Clean  Air  Amendments  of 
1970)   cannot  be  met  now  even  if  stack  scrxibbing 
technology  were  ready  to  be  used  routinely  at 
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power  plants,  becauoe  of  the  time  required  to 
build  and  install  the  scrubbing  devices. 

During  the  last  -dGcade,  emissions  and 
ambient  sulfur  dioKide  concentrations  in  urban 
areas  have  decreased,  while  nationwide  emissions 
from  electric  power  plants  have  nearly  doubled. 
^Imbient  concentrations  of  sulfate  particles  in* 
urban  areas  have  not  decreased  but  have  remained 
almost  constant  from  1957  to  1970.  This 
persistence  of  high  uirban  sulfate  levels  despite 
the  decline  in  urban  sulfur  oxide  emissions  may 
be  the  result  of  the  increased  emissions  from 
remotely  located  electric  power  plants.  Sulfate 
levels  approaching  the  level  of  urban 
concentrations  have  bein  observed  in  rural  areas 
of  the  Northeast  with  nb  local  souro^of  sulfur 
oxide  emissions  and  very  low  sulfur  dioxide 
ambient  levels.* 

Sulfur  oxide  and  particulate  emissions  from 
power  plants  may  pose  a  serious  health  hazard. 
Sulfur  oxides  and  suspended  particulate  matter 
may  act  to  impair  health  by  a  variety  of 
possible  mechanisms  following  inhalation  and 
retention  in  the  human  respiratory  tract.  it 
will  require  further  invest ig^^i- ion  to  elucidate 
these  mechanisms.     In  p^st  epidemiological 
studies  devoted  to  examining  the  health  effects 
of  air  pollution,  the  pollution  parameters  of 
sulfur  dioxide  concentration  and  total  suspended 
particulate  matter  concentration  have  been 
utilized  for  correlation  with  effects.  These 
parameters  are  probably  only  indicators  of  the 
toxic  potential  of  the  pollution  mix  and  not 
causal  agents.     Thus,  the  particulate  phase  is 
known  not  to  be  a  single  agent,  but  a  complex 
mixture  of  particles  of  different  size,  shape^ 
density  and  chemical  composition.     The  CHESS 
studies  suggested  that  particulate  sulfates, 
rather  than  either  of  the  above  two  parameters, 
may  be  a  better  indicator  of  the  toxic  potential 
of  the  polluted  atmosphere. 2 

Laboratory  studies  which  utilized  animals 
have  also  suggested  that  certain  particulate 
sulfates   (Zn(NH4)S04,   ZnS04  and  H2S04)  are 
poten^t  bronchoconstrictofs,   far  more  effective 
than  sulfur  dioxide  in  air  at  concentr:ations 
comparable  to  the  particulate  sulfate 
concentration.     The  Bronchoconstriction  capacity 
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of  the  particulate  matter  increased  as  particle 
size  decreased  in  the  guinea  pig  assay  method, 
which  utilized  pulmonary  flow  resistance  as  the 
indicator  of  toxic  potential. 

For  the  above  reasons,  arid  with  full 
recognition  of  the  large  uncertainties  which 
still  remain  to  be  resolved,  this  analysis  of 
the  social  costs  of  sulfur  oxides  and 
particulate  pollution'wiLl  focus  on  the  impact 
of  control  strategies  for  particulate  sulfate 
concentrations  in  air.     The  uncertainties  in 
this  approach  are  not  only  associated  with  the 
effects  of  sulfates  on  health  and  the  ecosystem, 
but  with  the  measured  and  predicted 
concentrations  a#  sulfate  in  air;  analytical 
methods  to  determine  particulate  sulfates  in  air 
are  not  yet  reliable.     As  will  be  seen,  the 
range  of  uncertainty  on  many  of  the  factors  in  ) 
the  analysis  is  therefore  large • 


ALTERNATIVES  FOR  EMISSIONS  CONTROL, 

This  portion  of  the  report  will  examine  the 
costs  for  various  control  methods  that  might  be 
adopted,  together  with  the  reduction  in 
emissions  that  each  method  might  achieve^.  The 
analysis  will  address  the  choice  among 
alternatives  that  can  be  implemented  by  1980, 
Promising  technologies  are  under  development  to 
remove  sulfur  before  or  during  combustion,  and 
to  improve  efficiency,  thereby  reducing  the 
quantity  of  fuel  needed  to  generate  a  given 
quantity  of  electricity.     However,  these 
technologies  cannot  be  implemented  on  a  large 
scale  until  1985  or  later,  and  the  costs  may  not 
be  significantly  lower  than  the  technologies 
presently  available  to  remove  sulfur  from  stack 
gases   (see  Chapter  10),     Therefore,  the  analysis 
will  focus  on  alternatives  that  are  presently 
available.  .  ^ 

The  presently  available  alternatives  for 
controlling  sulfur  oxide  and  particulate 
emissions  are  the  following: 
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Tall  Stacks  and  Intermlt^nt,  Control 

A  stack  height  of  the  order  of  100  to  300 
meters  roay  J^e  sufficient  (depending  to  some 
extent  on  the  quantity  of  sulfur  oxides  emitted) 
to  disperse  the  plume  of  effluent  gases  over  a 
wide  area,  permitting  ambient  concentrations  to 
be  held  below  the  levels  established  as  . 
standards.     Under  some  meterulogical  conditions 
high  concentrations  that  violate  standards  may 
develop,    A  meteorological  monitoring  system  is 
used  to  anticipate  the  outset  of  these 
conditiotvs^  and  an  intermittent  control  is  then 
exercised  to  reduce  emissions  by  shifting  to  a 
cleaner^fuel  or  by  reducing  the  levels  of 
operation  of  the  plants.     The  net  result  is  that 
the  total  quantity  of  emissions  may  be  reduced 
slightly  or  not  at  all,  but  ambient  ^ 
concentration  in  violation  of  standards  may  be 
avoided  (see  Chapter  12)  . 


Coal  Preparation 

By  pulverizing  the  coal  and  washing  it  prior 
to  combustion  it  is  possible  to  remove  much  of 
the  physically  bound  portion  of  the  sulfur  and  a 
large  fraction  of  the  ash.     The  coal  washing 
process  is  relatively  inexpensive, ^  but  some  of 
the  energy  content  of  the  coal  is  lost  (see 
Chapter  10) . 


Shifting  to  Low  Sulfur  Coal  ^ 

Much  of  the  coal  burned  by  utilities  in  the 
eastern  United  States  has  a  sulfur  content  of  2- 
6  percent  by  weight.     Some  eastern  coal  is 
available  with  a  sulfur  content  below  1  percent, 
but  its  extent  is  limited,  ,and  much  of  it  is 
held^  for  metallurgical  applications.     Low  sulfur 
eastern  coal  commands  a  substantial  price 
premium,  which  might  increase  if  there  were 
additional  demand  for  low  sulfur  fuel.  Low 
sulfur  western  coal  is  abundant,  but  the  mining 
and  transportation  capability  does  not  currently 
exist  to  provide  it  in  large  quantity  to  the 
eastern  United  State;^.     Because  of  the  low  BTU 
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and  hifgh  ash  content  compared  to  the  eastern 
coals,  it  is  generally  not  possible  to  bum 
western  coal  in  a  boiler  designed  for  eastern 
coal  without  extensive  retrofitting  or  derating 
of  the  plant  capacity  (see  Chapter.  10)  . 

Flue  Gas  Desulfurization  (FGD) 

A  n^^liber  of  technologies  are  tinder 
development  for  scrubbing  pollutants  from  the 
effluent  gases  before  they  are  released  from  the 
stack.    The  lime  scrubbing  process  appears  to  be 
the  best  developed  technology  for  coal  fired 
power  plants.     It  permits  removal  of  the  order 
of  90  percent  of  the  sulfur  oxide,  plus  much  of 
the  fine  particulate  matter.    Both  capital  cost 
and  operation  costs  of  flue  gas  desulfurization 
are  high,  but  it  is  the  most^  effective  means  of 
removing  sulfur  oxides  and  other  pollutants  from 
the'  emltssions  into  the  .atmosphere  (see  Chapter 
11). 


Demand  Modification 

Since  sulfur  oxides  and  other  pollutant 
emissions  from  power  plants  are  a  by-product  of 
electricity  generation,  one  alternative  for 
reducing  these  emissions  is  to  reduce  demand 
growth  for  electric  poi^ci.     Hig  relationship 
between  growth  and  emission  levels  is  not  a 
simple  one,  however.    Demand  is  allocated  among 
plants  in  an  electric  power  system  so  as  to  meet, 
demand  with  acceptable  reliability  at  the  least 
total  cost;     In  practice,  the  newest  and  most 
efficient  plants  are  ased  almost  continuously  to 
meet  the  base  load,  while  the  oldest  plants  are 
used  to  meet  the  peak  loads  and  to  furnish 
reserve  capacity.    The  allocation  of  demand  for 
electricity  from  an  electrical  system  is 
summarized  by  the  total  energy  demand  made  on 
each  plant.     This  total  demand  is  usually 
expressed  by  the  loading   (load  factor)  for  the 
plant:     the  equivalent  number  of  hours 
(percentage  of  time)  the  plant  must  operate 
during  the  year » at  its  rated  capacity  in  order 
to  provide  that  amount  of  energy.     A  slowing  of 
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demand  growth  that  leads  utilities  to  delay 
construction  on  new  plants  with  low  emissions 
levels  may  have  little  effect  on  total  pollutant 
emissions  from  the  system,  if  older  plants  with 
high  emissions  continue  to  be  used  at  high  load 
factors  (see  Chapter  8) • 

Nuclear  power  plants  provide  an  economical 
means  of  producing  base  load  power  without 
emitting  any  sulfor  oxides  or  particulates.  By 
accelerating  the  construction  of  nuclear  power 
plants,  the  loading,  and  consequently,  the 
sulfur  oxide  emissions  from  coal  fired  plants 
can  be  reduced.     (Of  course,  there  are  other 
environmental  problems  associated  with  nuclear 
power  that  should  be  assessed  in  considering  it 
as  an  alternative  to  coal  fired  plants.) 

A  continued  national  effort  toward  domestic 
self-sufficiency  may  result  in  shifts  from  oil 
and  gas  to  coal  as  a  fuel  for  electric  power 
generation.     This  effort  may  involve  shifting 
from  oil  or  gas  to  coal  for  many  existing  power 
stations  that  have  the  capability  to  burn  coal, 
conversion  to  coal  burning  capability  for  fossil 
steam  plants  now  being  planned  or  under 
construction,  and  higher  loading  for  existing 
coal  fired  plants  as  oil  or  gas  fired  plants  are 
taken  out  of  operation  or  reduced  in  loading. 


METHODOLOGY 

The  approach  to  be  taken  in  comparing 
alternative  confcrol  strategies  is  to  assess 
their  economic  impact  on  the  costs  associated 
with  generating  electricity  and  their  effect  in 
reducing  emissions.     A  judgment  must  then  be 
made  to  evaluate  this  tradeoff:     What  increment 
in  increased  electricity  costs  is  justified  by  a 
given  level  of  emission  reduction?     We  shall 
assess  the  benefits  of  emission  reduction  by 
modeling  the  effect  of  the  emissions  on  ambient 
air  quality  levels  and  on  the  deposition  of 
pollutants,  then  modeling  the  effects  on  human 
heal th ,  ma teri als  damage ,  ecologi ca 1  changes , 
and  aesthetic  degradation.     Through  an 
assessment  of  costs  and  benefits  the  analysis 
Ccin  provide  guidance  to  policymakers  in 
assimilating  the  complex  array  of  factors  that 
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impact  on  the  tradeoff  between  the  conQequences 
of  the  pollution  an<3  the  cootQ  associated  ^ith 
emissions  control • 

Considerable  uncertainty  oiay  .characterize 
the  costs  of  the  alternatives,  the  emissions 
reductions  that  may  be  achieved,  the 
•relationship  between  emissions  and  ambient  air 
quality  levels,  and  the  health,  materials 
damage,  and  environmental  consequences  of  given 
levels  of  pollutant  concentration.     The  degree 
to  which  thfese  uncertainties  will  impact  on  the 
decision  among  alternative  control  strategies 
may  be  identified  by  sensitivity  analysis.  If 
changing  a  factor  within  its  range  of 
uncertainty  will  change  the  preferred  decision 
alternative,  it  will  be  useful  to  quantify  the 
uncertainty  by  assessing  a  probability 
distribution  over  the  range  of  values  the 
uncertain  factor  could  asstime.    The  value  of 
resolving  the  uncertainty  can  then  be  computed 
from  the  decision  context  (see  Howard  1966, 
1968;  North  1968,  and  Tribus  1969  on  the  use  of 
probability  in  decision  analysis;  see  Spetzler 
and  Stael  von  Holstein  1972  on  methods  to  encode 
probability  distributions) •     The  scope  of  the 
present  report  does  not  permit  an  extensive 
applicati0n  of  these  methods.     The  approach  will 
be  illustrated  on  the  most  important 
uncertainties;  the  analysis  could  be  expanded  to 
include  other  uncertainties. 

In  the  context  of  a  public  policy  question 
such  as  controlling  emissions  from  power  plants, 
the  assessment  of  overall  costs  and  benefits  may 
need  to  address  issues  of  equity  and  of 
distribution:  different  people  may  receive  the 
benefit  than  those  who  pay  the  costs.  Cost- 
benef it^'^alysis  of  public  policy  decisions 
usually  assumes  implicitly  that  the  parties  to 
the  decision  may  be  persuaded  to  make  their 
choice  on  the  basis  of  maximizing  the  overall 
net  benefits  to  society.     The  question  of  how  to 
implement  the  socially  optimal  alternative  may 
well  be  the  most  difficult  aspect  of  the 
problem.     While  a  cost  benefit  analysis  may  be 
useful  in  identifying  the  best  alternative  from 
society's  point  of  view,  considerable  further 
effort  may  be  needed  to  determine  what  is  the 
best  alternative,  for  practical  and  effective 
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public  policy.    The  public  policy  decision 
makers  must  understand  how^  the  various  concerned 
private  parties  to  the  decision  will  react  to  a 
new  policy  initiative,  and  they  must  choose  with 
care  the  means  by  which  the  private  parties  are 
to  be  motiva'ted..to  act  in  ooeiQty'a  best 
interest. 

There  are  two  ways  that  a  private  party  may 
bo  motivated  to  act  in  the  public  interest  when 
it  is  at  variance  with  his  own  immediate 
objectives:   (1)  his  decision  alternatives  may  be 
limited  by  regulations  or  standards  imposed  on 
him  by  public  authority  (2)  his  values  may  be 
shifted  toward  the  overall  values  of  the  society 
by  economic  means:    incentives, .taxes, 
penalties^  fees;  or  by  non-economic  means  "^uch 
as  persuasion  that  his  action  will  gain  him  the 
good  will  (or  enmity)  of  his  fellows.  The 
legalistic  approach  places  the  responsibility 
for  planning  on  the  public  authority,  which  must 
assimilate  a  complex  array  of  economic  and  tech- 
nical factors  in  order  to  establish  the 
standard.     Once  established,  a  standard  is 
difficult  to  change,     if  new  information 
indicates  that  the  standard  is  not  appropriate, 
the  planning  exercise  must  be  redone  and  the 
concerned  private  and  public  parties  convinced 
that  the  change  in  standards  is  justified. 

The  use  of  economic  incentives  hao  been 
advocated  by  virtually  every  economist  who  has 
written  on  pollution,  but  it  Ms  rarely  been 
used  as  a  way  of  controlling  emissions^.     it  has 
the  advantage  of  flexibility:     by  delegating  the 
social  cost  of  the  pollution ^as  a  direct  coot  to 
the  private  party  makiog  the. decision,  the 
public  authdrity  provides  him  with  the  incentive 
to  make  decisions  that  are  optimal  from  the 
viewpoint  of  the  public  authority.     Planning  is 
therefore  decentralized,  and  the  detailed 
knowledge  possessed  by  the  private  parties  can 
be  used  to  improve  the  fdecision  process. 
Flexibility  is  much  easier  to  achieve:    If  the 
public  authority  determines  that  levels  of  „ 
pollution  are  too  high,  it  raises  the  cost 
associated  witii  emissions,  providing  an 
incentive  to  the  private  parties  to  reduce  them. 
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THE  EMISSIOt^  C0NTROL,  DECISION  FOR  A 
.REPRESENTATIVE  ELECTRIC  POWER  PLANT 

f 

The  public  policy,  decision  on  emiOQiono 
control  will  involve©  setting  standardo  or 
implementing  a  oystom  of  incentived  anpl  feea. 
The  actual  resource  allocations  to  implement  an 
emissions  control  alternative  will  be  made  by 
the  electric  utility.    The  decision  problem  on 
emissions  control  is  ultimately  whether  the 
owners  of  a  power  plant  shall  modify  their 
operations  by  such  means  as  installing  a  flue 
gao  desulf urization  (FGD)  process r  switching  to 
a  low  sulfur  content  fuel^  or  installing  a 
taller  stack  and  intermittent  control  system. 
The  adoption  of  the  emission  control  strategy 
will  result  in  higher  costs  to  the  owners  of  the 
power  plant,  and  these  higher  costs  will 
generally  be  passed  on  as  higher  prices  to  the 
consumers  of  electricity.     The  benefits  from 
adopting  the  emissions  control  strategy  come 
from  the  change  in  amount  (and  timing)  of 
emissions  of  sulfur  oxide  and  other  materials 
into  the  atmosphere  that  may  adversely  affect 
human  health,  cause  damage  to  other  living 
organisms  or  material  property,  and  result  in 
effects,  such  as  visibility  reduction,  that  are 
aesthetically  undesirable.     A  decision  between 
alternative  strategies  requires  a  balancing  of 
the  additional  cost  imposed  on  the  generation  of 
electric  power  against  the  value  of  emissions 
reduction. 

The  analysis  will  focus  on  sulfur  oxide  • 
emissions  from  coal  fired  steam  power  plants  in 
the  northeastern  United  States.     As  described  in 
other  sections  of  this  report,  most  of  the 
sulfur  is  emitted  as  sulfur  dioxide  rather  than 
as  sulfur  trioxide  or  sulfate,  but  subsecjuent 
atmospheric  chemical  processes  may  oxidize  the 
sulfur  dioxide  to  sulfuric  acid  aerosol  arid 
suspended  particles  of  ammonium  sulfate  and 
other  sulfate  salts.     Recent  epidemiological 
data  have  indicated  that  these  sulfates  may  give 
rise  to  serious  and  widespread  health  effects 
(EPA  1974) .     Damage  to  material  property  from 
atmospheric  sulfur  oxides  has  been  estimated  to 
cause  hundreds  of  millions  of  dollars  in  annual 
losses  (V^addell  1974).     "Acid  rain"  resulting 
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from  atmospheric  sulfur  oxides  may  lead  to 
retarded  growth  in  forests,  deleterious  effects 
on» lakes  and  streams,  damage  to  agricultural 
crops,  and  damage  to  building  materials,  statues 
and  other  material  property   (see  Section  1  of 
Patt  Two) •     Aesthetic  effects  from  degraded 
visibility  may  be  another  substantial  problem. 
While  sufur  dioxide  is  invisible,  sulfate 
particles  do  absorb  and  scatter  visible  light©. 
Degraded  visibility  in  areas  with  high  real 
estate  or  environmental  values  is  a  substantial 
public  concern  that  should  be  appropriately 
reflected  in  the  value^,  associated  with  sulfur 
emissions   (Randall  et  al,   1974) • 

There  are  many  distinctions  that  must  be 
made  between  power  plants  in  different 
locations.     Ideally,  a  detailed  model  for 
assessing  costs  an^  benefits  should  be  developed 
at  eaclSj  power  plant  for  which  a  decision  on 
emissions  control  is  to  be  made.     This  scale  of 
effort  is  not  possible  in  the  present  study*  We 
shall  not  attempt  to  address  in  detail  the 
decision  at  a  particular  plant,  but  rather  do 
illllBtratiyg  calculations  that  are  chosen  to  be 
representative  of  different  types  of  plants  and 
different  locations  in  the  northeastern  United 
States,     Specifically,  we  shall  consider  the 
following  as  representative  cases: 

(1)  An  existing  coal  fired  plant  in  a 
remote  rural  location, 

(2)  An  existing  plant  capable  of  burning 
coal  in  an  urban  or  near-urban 
location, 

(3)  A  new  coal  fired  plant  in  a  remote 
rural  location, 

A  fourth  category,  a  new  coal-fired  plant  in  an 
urban  or  near-urban  location  could  be  added,  but 
for  this  category  the  decision  would  seem 
relatively  obvious:     an  efficient  sulfur  removal 
system  would  almost  surely  be  reqtdrred  under 
existing  state  and  local  air  quality 
regulations.     Federal  New  Soured  Performance 
Standards   (NSPS)  will  require  flue  gas 
desulf urization  on  new  coal-fired  plants 
beginning  in  1975*.      (This  requirement  also 
holds  true  for  remotely  sited  plants,  but  since 
some  utilities  -have  alleged  that  application  of 
t?hese  standards  to  such  plants  serves  little  oj: 
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no  Goclal  pnrpooe,  conoideration  of  that  caoe 
waQ  included  in  thio  analyQioO 

The  approach  in  carrying  out  the  coot- 
benefit  analytiio  will  be  to  evaluate  alternative 
otrategieQ  for  representative  power  planto  in 
each  category  by  aoseaaing  the  eccwjomic  coot 8  of 
electricity  generation  and  the  cooto  aosociated 
with  oulfur  oxide  pollution  effects.     Because  of 
the  qjiGpected  hazardo  of  sulfate,  the  emphasis  • 
will  be  on  regional  effects  caused  by  long  range 
pollutant  transport,  rather  than  locat  vio«- 
lations  of  air  quality  standards  in  the 
immediate  vicinity  of  the  plant.     The  intention 
is  to  assess  the  marginal  benefit  of  .pollution' 
control  strategies  for  tjiis  plant  as  it  affects 
regional  ambient  levels  of  sulfur  dioxide, 
sulfate,  and  acid  raiti,  and  to  compare  the 
consequences  associated  with  these  levels  with 
the  marginal  increases  the  strategy  will  impose 
on  the  cost  of  electricity  generation.     Both  the 
^4      consequences  of  the  sulfur  oxide  emissions  and 
the  cost  of  abatement  methods  will  vary, 
depending  on  local  and  regional  conditions. 
These  local  and  regional  factors  should  be  taken 
into,  account  in  the  decision  among  alternative 
emissions  control  strategies. 


AN  OVERVIEW  OF  THE  ASSESSMENT  OF  COSTS  AND 
BENEFITS  FOR  A  ^-REPRESENTATIVE  PLANT 

^  Figure  13-1  presents  an  overview  of  a  model 

p       for  assessing  costs  and  benefits,  which  will  be 
applied  for  each  alternative  strategy  for 
pollution  control.    The  frame%*orH  is  a  general 
one  that  could  be  applied  to  any  stationary 
source,  but  the  concern  here  is  a  coal  fired 
steam  electric  plant.     This  plant  meets  demand 
from  the  power  system  for  electricity:  The 
effect  of  demand  on  an  individual  plant  is 
summarized  by  its  loading,  the  number  of  hours 
the  plant  is  operated. 

In  s3team  power  plants  the  sulfur  content  of 
the  fuel  is  oxidized  in  the  combustion  process 
and  mixes  with  other  combustion  products  that 
are  exhausted  from  the  boiler.    The  heating 
value  and  sulfur  content  of  the  fuel  and  the 
efficiency  of  the  power  plant  determine  the 
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amount  of  Gulfur  oxideo  produced  per  kilowatt 
hour  (kwh)  of  electricity  generated.  Sulfur 
oxide  GOiioDiono  from  the  combustion  procesG  may 
be  r€5novGd  by  otack  gao  scrubbing  devices,  and 
particulates  may  be  removed  by  the  scrubing 
devices  or  electrostatic  precipitators.  The 
coots  of  these  technologies  are  ass^sed  and 
included  in  the  cost  of  electricity  generation. 

The  price  of  the  fuel,  e.g.,  the  number  of^ 
dollars  per  ton  of  coal,  varies  by  its  energy 
content  and  its  sulfur  content.     For  example,  a 
coal  with,  24  million  BTU's  heating  value  per  ton 
and  3  percent  sulfur  content  (by  weight),  is 
assumed  for  this  analysis  to  be  available  at 
$2a/ton  delivered  to  the  power  station.  Lower 
sulfur  contentNi^al  will  generally  be  more  ' 
expensive:     for  example  $32/ton  for  coal  with 
0.9  percent  sulfur  and  the  same  heating  value. 
The  supply  of  low  sulfur  coal  is  limited,  and  a 
large  shift  from  high  sulfur  to  low  sulfur  coals 
for  power  plant  fuel  would  result  in  an  increase 
in  their  relative  prices.     The  supply-demand- 
price  relationship  may  be  critical  in  the 
evaluation  of  an  overall  national  policy 
intended  to  cause  a  shift  to  lower  sulfur 
content  codl,  but  changes  in  the  price 
relationship  will  not  be  discussed  further.  If 
the  price  increase  is  sufficiently  high,  the 
situation  becomes  equivalent  to  not  having  low 
sulfur  coal  available.    We  shall  examine  how  the 
choice  among  alternative  strategies  is  affected  ^ 
if  eastern  low  sulfur  coal  is  not  available. 

From  the  fuel  prices,  capital  costs,  plant 
efficiency,  and  loading,  the  costs  of 
electricity  generation  may  be  computed.     We  can 
then  compare  alternative  strategies  for  emission 
control  on  the  basis'  of  two  numhf^rs:     the  cost 
per  kilowatt-hour  of  electrici^  generated,  and 
the  sulfur  oxide  emissions  produced  per 
kilowatt-hour  of  electricity^.     For  example,  a 
representative  existing  power  plant  burning  3 
percent  sulfur  coal  produces  electricity  for  a 
cost  of  17.2  mills  per  kilowatt-hour  and  emits 
0.026  lbs  of  sulfur  per  kilowatt-hour  generated. 
If  higher  priced   (eastern)   low  sulfur  (0.9 
percent)   coal  is  used,  the  cost  of  electricity 
increases  to  20.6  mills  per  kilowatt-hour,  but 
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emiooiono  are  reduced  to  0*0078  Ibo  of  Qulfur 
per  kilowatt  hour  generated. 

A  choice  between  these  two  alternativeQ  im- 
pliGQ  aoGQooing  the  tradeoff  between  reducing 
the  Gulfur  esiiQoiono  and  increaoing  the  coot  of 
electricity.        Qimple  way  in  which  to  aQoeoo 
tho  tradeoff  io  by  placing  a  value  on  each  pound 
of  Qulfur  eniiDGion,  and  then  examining  the  total 
coot  of  electricity  generation  plus  the  coot  v 
attributed  to  oulfur  emisoions.     We  shall  carry 
Out ^ this  calculation  pn  an  incremental  or 
marginal  baois  for  the  individual  power  plant, 
rather  than  national  implementation  of  the 
emiooion  control  alternativeo.    That  is,  we 
^5hall  aooeoo  the  benefits  from  reducing 
emissions  by  a  relatively  small  amount  relative 
to  existing  pollution  levels,  and  compare  them 
to  the  costs  based  on  existing  price  levels  for 
the  emission  control  alternatives.  Benefits 
from  emissions  reduction  may  depend  on  ambient 
levels,  and  costs  for  emission  control 
alternatives  may  depend  on  the  demand  for  them. 
For  example,  if  health  effects  from  ambient 
sulfate  were  significant  only  above  a  threshold 
level,  then  the  pollution  cost  per  pound  of 
sulfur  emitted  would  drop  substantially  once"^ 
ambient  sulfate  levels  are  reduced  below  this 
threshold  level.     Likewise,  increased  use  of  low 
sulfur  coal  to  reduce  power  plant  sulfur  oxide 
emiQ8i6ns  will  cause  the  price  premium  over  high 
sulfur  coal  to  rise,     in  our  calculations  we 
assume  only  small  changes  in  pollution  levels 
(and  costs)   as  a  result  of  implementing  an 
alternative  strategy  at  a  particular  powqr 
plant.     As  a  consequence,  the  pollution  cost  per 
pound  of  sulfur  is  assumed  to  remain  constant 
for  this  power  plant  regardless  of  the  amount  of 
sulfur  emissions  removed.     However,  the 
pollution  cost  per  pound  of  sulfur  removed  will 
depend  on  many  factors   (such  as  ambient 
pollution  levels)   that  differ  for  different 
plants  in  different  locations.     The  benefits  of 
a  ccmtrol  strategy  per  pound  of  sulfur  removed 
may  be  substanliially  different  at  different 
power  plants. 

Figure  13-2  shows  the  calculation  of  a 
representative  existing  power  plant  that  can 
burn  3  percent  sulfur  coal  or  a  expensive 
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reent  oulfur  eoal. 


If  no  coot  io 


attrifbu^ed  to  oulfur  emiDoion/-thG  total  coot  for 


kilpwatt  hour  ao  before,     Suppooe  inotead  a  coot 
pf/$0.30  io  attributed  to  eabh  pound  of  oulfur. 
pmittGd  into  the  atmoapherG,    Then  the  total 
>sOQt  for  generating  a  kilowatt-hour  uoing  high 
oulfur  coal  io  25  millo  per  kilowatt-hour^  17l2 
for  the  coot  of  producing  the  electricity  pluo 
0.026  X  300  millo        $,30)   for  the  coot 
attributed  to  the  oulfur  emiooiono.     The  total 
coot  of  generating  a  kilowatt-hour  mfing  low 
sulfur  coal  io  23  millo/kwh^  20,6  for  the  coot 
of  prpducing  the  electricity  plus  0.0078  x  300 
millo  (=2$,30)   for  the  oulfur  emiooiono.  The 
lowest  total  coot  io  now  achieved  uoing  low 
oulfur  coaly  whereao  when^ji^iqoiono  were 
aooighed  a  zero  coot^  hig^  oulfur  coal  reoulted 
in  the  loweot  total  coot,  'The  total  <K>Gt  for 
producing  electricity  pluo  the  cost  of  the 
emiooiono  aoooeiated  with  producing  the 
electricity  io  ohwn  plotted  againot  the  coot 
aooigned  to  a  pound  of  oulfur  emiooiono  in 
Figure  13"- 2  for  each  of  the  altemativeo.     It  may 
be  seen  that  the  graph  of  tobal  coot  for  each 
alternative  io  a  otraight  line,  oince  the  coot 
increaoeo  linearly  with  the  pollution  coot  per 
unit  emitted.     The  elope  of  the  line  io  given  by 
the  poundo  of  oulfur  emitted  per  kilowatt-hour 
generated.     The  point  at  which  the  two  lineo 
crooo  givGO  the  coot  per  pound  of  oulfur  emitted 
($.19)   at  which  the  total  cooto  of  the 
alternativeo  are  equal:     If  the  coot  attributed 
to  oulfur  emisoion  io  greater  than  19  cento  per 
ppund  of  oulfur^  the  beot  alternative  io  the  low 
^Ifur  coal;  and  if  the  coot  attributed  to 
milfur  emiooiono  i©  leoo  than  19  cento  per  pound 
of  oulfur^  the  beot  alternative  io  the  high 
oulfur  coal,     ^  iudgmept  thgt  the  Iga  nulfur 
coal  aifeerQat  ivg  ia  better  thaq  the  high  nulfiir 
SSiii  MtiiJ3aa£iXS  A§  equivalent  to  a  juagment 
fehat  the  o  gel  a  4  cc^t  o£  oulfuy  eininnlonn  are 
judged  to  ^ccee^  19  cento  ^er  pound  of  oulfur 
emitted^  for  t^jio  io  the  equivalent  increase  i^ 
feJlS  EEiSO  of  electricity  that  muBt  be  accepted 
ill  Mtum  for  the  lower  emi  ssion  levelo. 
Similarly^  a  judgment  to  uoe  3  percent  oulfur 
coal  in  thio  plant  instead  of  the  more  expensive 
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low  sulfur  coal  implies  a  judgmoiat  that  the 
social  cost  of  sulfur  emission^ls  less  than  19 
cents  per  pound  of  sulfur  emitted;  the  reduction 
in  emissions  from  a  switch  to  low  sulfur  coal  is 
judged  not  worth  the  increased  electricity 
generation  costs. 

If  ±he  dollar  value  of  the  consequences  of 
.sulfur  emissions  could  be  accurately  assessed, 
it  would  be  a  simple  matter  to  carry  out  this 
type  calculc^tion  to  determine  what  emissions 
control  alternative  is  best  in  the  sense  of 
providing  a  kilowatt-hour  of  electricity ^at  the 
least  total  cost  to  society But  the 
consequences  of  the  emissions  are  complex  and 
uncertain,  and  the  assessment  process  is  a 
difficult  one.    However,  it  must  be  kept  in  mind 
that  any  decision  to  impose  a  particular 
alternative  technology,  or  a  requirement  that 
emissions  shall  be  held  below  a  specified  level, 
implies  a  value  judgment  on  the  cost  of 
pollution.     A  decision  among  emissions  control 
alternatives  is  required:     either  the  existing 
fuels  and  control  technology  will  be  used,  or  a 
switch  will  be  made  to  another  type  of  fuel 
and/or  emission  control  tebhnology.     Since  this 
decision  will  implicitly  require  judgments  on 
the  value  of  reducing  emissions,  the  assessment 
process  cannot  be  avoided*    The  value  of 
emissions  reduction  must  be  assessed,  either 
explicitly  or  implicitly. 

An  explicit  TTTethod  for  assigning  values  to 
the  social! cost  of* pollution  is  represented  by 
the  right  ^and  side  of  Figure  13-1.     The  left 
hand  side  may  be  regarded  as.  a  model  for 
calculating  the  emissions  released  into  the 
environment  and  electricity  generating  costs  for 
a  representative  electric  power  plant-  The 
boxes  shown  on  the  right  hand  side  represent  the 
models  used  to  evaluate  the  social'  costs  to  be 
assessed  on  the  emissions  from  that  power  plant: 
o        A  Dispersion  Model  to  relate  sulfur 
oxide  and  particulate  emissions  to 
ambient  concentrations  of  sulfur 
dioxide,  sulfate,  and  particulates,  and 
to  acid  rain  washouts 
o        An  Exposure  Model  of  the  population, 
biota,  and  material  property  that  may 
be  impacted  by  the  pollutant 
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concentrations.     The  output  of  this 
stage  is  the  dosage  of  pollutant 
received. 

o       Models  for  the  effect  of  a  given  dosage 
to  a  given  population  on  human  healthy 
on  vegetation  and  other  ecological 
systems^  on  material  property^  and 
consequences  that  are  aesthetically 
undesirable^  such  as  visible  smog.  The 
output  of  this  stage  is  a  description 
of  the  physical  consequences  of  the 
pollutant  concentration:     for  example, 
morbidity  and  mortality,  reduced  growth 
in  vegetation,  eroding  of  galvanized 
steel,  and  reduction  in  visibility, 
o        The  last  stage  is  the  assessment  of 

values  on  these  physical  consequences 
of  pollution  so  that  they  may  be 
compared  with  the  costs  of  emissions 
control  strategies.     Values  assigned  to 
health,  vegetative  damage,  materials 
damage,  and  aesthetic  degradation 
become  the  basis  for  valuing  the 
effects  caused  by  a  given  level  of 
emissions,  and  the  model  structure  can 
be  used  to  compute  a  value  per  pound  of 
pollutant  emitted  for  the  evaluation, of 
alternative  strategies  as  illustrated 
in  Figure  13- 2. 
The  need  for  maleing  a  decision  motivates  the 
need  for  the  value  assessment  process.  The 
IPO^ejtS  tOE  the  emission-^ to  ambient  relationship^ 

effect  of  ambient  air  quality  ori  human 
healthy  the  effect  Qg  acid  rain  on  vegetation |> 

are  summaries  af  the  information  available 
as  a  basis  for  decision  making.    There  may  be 
substantial  uncertainties  in  soipe  of  the  factors 
or  relationships  used  in  these  models,  and  there 
may  be  disagreements  ox\  the  valuing,  for 
example,  of  heflth  effects.     In  carrying  through 
the  assessment  process,  attention  and  effort 
should  be  focused  on  those  uncertainties  and 
value  judgments  that  affect  the  decision. 

Now  that  the  methodology  has  been  described, 
we  turn  our  attention  to  the  calculation  of  the 
electricity  generation  costs  and  emissions 
levels  for  representative  plants,  which  will  be 
summarized  in  a  series  of  diagrams  constructed 
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in  the  Game  manner  as  Figure  13-2.     We  then 
develope  dispersion  models  for  the  emissions  to 
ambient  relationship  for  these  representative 
plants.     Finally^  models  for  the  effects  on 
healthy  ecological  syst^^s^  material  property^ 
and  aesthetics  are  used  to  evaluate  the  ^ 
consequences  of  pollution  and  assess  a  social 
cost  per  unit  of  emissions.  Important 
uncertainties  on  pollution  consequences  are 
reflected  in  a  probability  distribution  over  a 
range  of  values  for  this  pollution  cost^  and  the 
impact  of  the  uncertainty  on  the  emissions 
control  decis  ion  is  examined .     Since  resolving 
the  uncertainty  leads  to  an  improvement  in  the 
decision  compared  to  a  choice  made  on  the  basis 
of  presently  availably  information^  a  value  of 
resolving  the  uncertainty  will  be  calculated. 


CALCULATION  OF  TOTAL  SOCIAL  COSTS  FOR  VARIOUS 
SULFUR  EMISSION  REDUCTION  ALTERNATIVES 

Calculations  are  n'^w  presented  for  the 
electricity  generation  costs  and  emission  levels 
that  might  be  expected  if  various  cLecision 
alternatives  are  chosen.     The  alternatives 
considered  are: 

1.  High  sulfur  coal%  perhaps  with  tall 
stacks  and  inteannittent  control. 

2.  Removal  of  sulfur  from  fuel  before 
combustion  (coal  preparation) 

3.  Flue  gas  desulf urization  (FGD) 

4.  Shift  to  low  sulfur  fuel   (eastern  or 
western  low  sulfur  coal) 

Since  the  best  strategy  for  controlling  sulfur 
emissions  may  differ  for  different  .plants^  three 
representative  cases*^are  considered: 

1.  An  existing  coal  fired  plant  in  ^ 
remote  non^urban  location. 

2.  A  coal  fired  plant  planned  for 
construction  in  the  near  future  in  a 
remote  non-urban  location. 

3.  An  oil  burning  plants  originally 
designed  to  burn  coal,  which  may  be 
reconverted  to  coal.     This  plant  is 
presumed  to  be  located  in  an  urban  area 
of  the  East  Coast. 
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Detailed  aQoumptiono  for  the  specific  plants  are 
auiranarized  in  Table  13-1.     Since  an  additional 
alternative  might  be  to  construct  a  nOclear 
plant  instead  of  a  new  coal  fired  plants  data 
for  a  base  load  nuclear  plant  is  also  included 
in  the  table  for  a  point  of  reference. 

Tables  13-2^  13-3^  and  13-4  give  the  cost 
and  sulfur  emissions  data  assumptions  made  in 
the  evaluation  of  each  alternative.  Coal 
preparation  is  assumed  to  require  a  small 
capital  inv^tment  and  to  result  in  coal  heating 
value  losses  of  the  order  of  10  percent.  The 
reduction  in  sulfur  content  achievabl#  iby  coal 
cleaning  depends  on  the  particular  process  used. 
Conventional  techniques  now  available  will 
reduce  the  sulfur  content  of  high  sulfur  coal  by 
approximately  40  percent^©.     Flue  gas 
desulf urization^  represented  by  the  lime 
Scrubbing  process^  is  expensive:     there  is  a 
sizeable  capital  cost^  additional  operating 
costs ^  a  loss  of  plant  capacity^  and  an 
associated  energy  loss.     The  price  of  low  sulfur 
western  coal  depends  critically  on 
transportation  costs.     A  higher  price  is  assumed 
for  plants  located  on  the  East  Coast  as  opposed 
to  the  mideastern  portion  of  the  country.  For 
older  plants  with  bQ4.1ers  not  designed  for  lower 
BTU  coal^  capacity  derating  will  result  from  the 
burning  of  the  lower  heating  value  western • coal. 

Use  of  tall  stacks  and  intermittent  control 
is  equated  to  the  base  case,  which  we  henceforth 
denote  by  "high  sulfur  coal".     Such  techniques 
may  be  useful  in  meeting  ambient  standards  for 
sulfur  dioxide  in  the  immediate  vicinity  of  the 
plant,  but  it  is  not  anticipated  that  their 
costs  or  contributions  to  the  overall  reduction 
in  sulfur  oxid^  emissions  would  be  significant 
relative  to  those  of  the  other  strategies  being 
considered*!.        An  efficient  particulate 
removal  system  is  also  assumed.     The  importance 
of  particulates  in  oxidizing  sulfur  dioxide  to 
sulfates  will  be  discussed  in  the  next  section, 
below. 

Capital  charges,  operating  and  maintenance, 
and  fuel  costs  for  each  plant  type  under  each 
alternative  .were  summed  to  obtain  an  estimated 
production  cost  per  kilowatt-hour  of  electri- 
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city.    The  Qulfur  emiooionQ  in  poundo  of  Gulfur 
per  kilowatt-hour  of  electricity  were  also 
calculated.    Table  13-5  oummarizeQ  theoe 
reoultQ.     Detailo  of  the  cost  calculation  for 
the  base  caoo  (high  oulfur  coal)  and  for  flue 
gao  deoulf urization  are  given  in  Appendix  13-D« 

Total  Gocial  coot  will  be  the  production 
coQt  pluo  the  product  of  Qulfur  emiooionQ  and 
pollution  coot  per  unit  of  oulfur  emission.  For 
thio  reason r  Uie  ploto  of  total  oocial  cost 
verouo  pollution  coot^  illustrated  in  JPigureo 
13-3^  13-a^  and  13-5^  are  straight  lines.  We 
may  easily  identify  the  most  desirable  emission 
reduction  alternative  as  that  straight  line 
relationship  that^  for  a  given  assignment  for 
pollution  coots^  yieldo  the  lowest  value  of 
total  social  costs.     Inspection  of  the  figures 
Ghow  that  for  pollution  costs  below  19  cents  per 
pound  of  sulfur  emitted  the  best  alt-ernative  is 
to  bum  high  sulfur  coal.    As  pollution  costs 
are  increased  above  19  cents  per  pound  of  sulfur 
emitted  the  beat  alternative  becomes  easjiern  low 
sulfur  coal.    We  note  that  there  is  little 
difference  in  the  location  of  this  crossover 
point  among  the  three  cases.     For  the  cost 
elements  given  in  Tables  13-1  through  13-4  the 
alternatives  of  coal  preparation  and  switching 
to  western  low  sulfur  coal  do  not  give  as  large 
a  marginal  reduction  in  sulfur  emissiws 
compared  to  their  marginal  cost.     For  pollution 
coots  above  19  cents  per  pounds  the  eastern  low 
sulfur  coal  provides  an  additional  value  from 
reducing  sulfur  emissions  more  than  sufficient 
to  offset  the  33  percent  premium  in  fuel  costs ^ 
which  is  reflected  in  the  cost  of  electrical 
generation.  ... 

A3  pollution  costs  are  raised  still  higher^ 
the  flue  gas  desulfur ization  (FGD)  alternative 
becomes  the  best  alternative.     Although  it  is 
the  most  expensive  (excepting  lo^.'  sulfur  western 
coal)  the  FGD  alternative  permits  overall 
emissions  reductions  approaching  90  percent 
wherao  low  sulfur  eastern  coal  gives  only  a  70 
percent  reduction.    The  added  cost  for  the 
additional  sulfur  removal  may  be  substantial^  so 
that  the  crossover-^^odCnts  where  FGD  drops  below 
low  sulfur  eastern  coal  are  high:     53  cents  per 
pound  of  sulfur  for  the  retrofit  non-urban  plant 
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FIGURE  13-3:  Total  Social  Cost  Verjzius  Pollution 
Cost,  Existing  Coal  Fired  Plant  (Nonurban)  • 
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(Figure  13-3) ,  37  cents  for  ^he  new  non~urban 
plant  (Figure  13-4)^  and  59  cents  for  the 
retrofit  urban  plant  (Figure  13-5) •    The  latter 
case  Includes  a  cost  of  0,9  mllls/Jcwh  to  sludge 
diaposalr  which  corresponds  to  about  $«4/ton  of 
oludge  removed.    At  this  cost  level  recycling 
FGD  systems  such  as  Wellman  Lord  or  magnesium 
oxide  should  be  almost  competitive.  However, 
there  Is  less  experience  In  applying  these 
systems  to  high  sulfur  coa'l  than  Is  the  case  for 
lime  scrubbing.  . 

The  economics  of  sludge  dlsposeO.  or  material 
recycling  may  be  a  dominant  consxderation  for 
FGD  installations  in  urban  areas.    Where  sludge 
can  be  ponded,  the  sludge  disposal  costs  are 
moderate,  of  the  order  of  0.15  tol.O  mills/kwh 
(see  Chapter  11).    However,  for  existing  urban 
or  suburban  power  plant  locations  ponding  of 
sludge  may  not  be  feasible  because  of  the 
absence  of  a  suitable  site.     If  sludge  must  be 
disposed  of  by  hauling  it  off,  the  costs  are 
estimated  to  be  much  higher:    in  the  range  of 
0.6  to  1.5  millQ/kwh',  or  possibly  even  higher 
(Leigh  Short,  personal  communication) .    We  have 
taken  0.9  mills  as  a  nominal  value  for  the 
representative  urban  plant  calculation.  Hie 
sludge  material  is  about  two  thirds  water,  even 
after  settling,  so  the  volume  to^  be  removed  is 
of  the  order  of  50-100  percent  of  the  coal 
needed  to  fuel  the  plant.    Given  the 
environmental  restrictions  and  aesthetic 
considerations  that  may  apply  dLn  some  urban 
sites,  lime  or  limestone  scrubbing  may  be  more 
expensive  because  of  sludge  disposal.     For  these 
sites  the  use  of  low  sulfur  coal  or  other 
scrubbing  technologies  will  be  indicated. 

Low  sulfur  eastern  coal  is  available  only  in 
llDjlted  oupplv.     For  some  power  plants  it  may 
not  be  available  except  at  a  price  premium  well 
in  excess  of  the  33  percent  we  have  assumed  in 
the  calculations  above,  especially  if  large 
numbers  of  other  plants  have  shifted  from  high 
sulfur  to  low  sulfur  coals.     In  this  case  the 
line  on. Figures  13-3,  13-U  and  13-5  for  low 
sulfur  eastern  coal  will  t)e  shifted  up  to  where 
it  lies  above  high  sulfur  coal,  coal 
preparation,  and  FGD  for  all  values  of  pollution 
cost.     With  low  sulfur  coal  no  longer  a 
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competitive  alternative  the  valueo  of  pollution 
°A°}  at  which  flue  gao  deoulf urizaUon  becomoo 
advioable  drop  aharply.     For  an  existing  plant 
in  a. remote  rural  location,  lime  scrubbing  io 
ppfifaxsLGd  to  burning  high  oulfur  coal  if  the 
pollution  coQt  per  pound  of  oulfur  emitted  io 
above  26  cento   (Figure  13-3).     if  coal 
preparation  io  considered  as  the  alternative  to 
Qcrubbing,  then  the  coot  per  pound  of  sulfur  at 
which  ocrubbing  becomes  preferred  io  27  cents. 
For  a  new  plant   (Figure  13-4)  the  value  is 
substantially  lower:     ahove  23  cents  per  pound 
ot  oulfur  removed  lime  scrubbing  will  be  the 
preferred  alternative  in  the  absence  of 
available  low  sulfur  eastern  coal,  coal 
preparation  io  not  quite  marginally  eontbetitive: 
the  marginal  coat  of  sulfur  removal  for  a  new 
plant  is  about  27  cento  per  pound  of  sulfur 
removed,  and  this  alternative -permits  only  33 
percent  sulfur  removal   (including  the  effect  of 
energy  losses) ,  compared  to  about  89  percent  for 
lime  scrubbing.     For  plants  located  in 
mldeastern  as  opposed  to  east  coast  locations, 
western  low  sulfur  coal  may  be  a  competitive 
alternative  if  it  is  available  at  a  cost 
somewhat  lower  than  as  assumed  in  Table  13-(» 

Retrofit  installations  of  flue  gas  desul- 
f urization  systems  on  oil  burning  plants  in 
urban  areas  may  involve  higher  costs  for  sludqe 
disposal.     If  low  sulfur  coal  io  available,  the 
pollution  coot  justifying  lime  scrubbing  instead 
of  low  sulfur  eastern  coal  is  59  cents  per  pound 
of  sulfur  removed,     if  low  sulfur  coal  is  not 
available,  the  crossover  point  drops  to  29  cents 
per  pound  (where  lime  scrubbing  is  preferred  to 
coal  preparation)   or  28  cents  per  pound  if  the 
gas  deaulfurization  is  compared  to  burning  hiqh 
sulfur  coal   (Figure  13-5). 

The  values  of  the  crossover  points  are 
sensitive  to  the  emissions  levels  and  costs  of 
electrcity  given  in  Table  13-5.     if  different 
values  are  used  the  crossover  points  will 
change.     The  crossover  between  low  sulfur  coal 
and  flue  gas  desulf urization  is  particularly 
sensitive;  a  change  of  1  mill  per  kilowatt-hour 
in  the  cost  of  flue  gas  desulf urization  chnaqea 
the  crossover  point  by  23.2  cents  for  a  new 
plant,  and  19.8  cents  for  a  retrofit 
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installation.     If  the  comparisonr^a  between  high 
sulfur  coal  and  flue  gas  desulfurization,  the 
sensitivity  is  rather  low:  a  change  of  1  mill 
per  kilowatt-hour  in  the  cost  of  flue  gas 
desulfurization  causes  a  change  in  the  crossover 
point  by  5.0  cents  for  a  new  plant  and  a.3  cents 
,  for  a  retrofit  installation.    The  crossover 
point  between  high  sulfur  and  low  sulfur  coal 
changesf^*^  6,3  cents  for  a  1  mill  increase  in 
the  cost''  for  low  sulfur  coal  for  a  new  plant, 
and  5,5  cents  for  an  existing  plant.     These  are 
both  equivalent  t6k^0,57  cents  increase  in  the 
cirossover  point  for  a  1  cent  per  million  BTU 
change  in  the  price  differential  of  low  sulfur 
coal  over  high  sulfur  coal. 


THE  RELATION  BETWEEN  SULFUR  OXIDE 
EMISSIONS  FROM  A  SINGLE  POWER  PLANT 
AND  AMBIENT  INCREASES  IN  SULFUR  DIOXIDE 
AND  SULFATE  LEVELS 

The  relationship  between  the  emissions  of 
sulfur  oxide  and  ambient  levels  of  sulfur 
dioxide  and  sulfate  is  not  well  understood  at 
pre.sent  (see  Part  Two,  Section  1),  The^ajor 
source  of  difficulty  lies  in  the  lack  of  » 
knowledge  on  the  oxidation  rate  of  sulfur 
dioxide  to  sulfate.    There  are  a  variety  of 
chemical  mechanisms  by  which  the  oxidation 
reaction  can  occur.     In  clean  air, 
photooxidation  of  sulfur  dioxide  may  proceed 
rather  slowly:     smog  chamber  experiments 
indicate  rates  of  the  order  of  0,1  to  0,2 
percent  per  hour  (Bufalini  1^71),  Impurities 
act  to  catalyze  the  oxidation  reaction  at  a  much 
faster  orate:    photo-induced  radica^ls,  soot  or 
metallic  oxide  particulates,  and  various 
organics  or  oxidants  may  lead  to  oxidation  rat^s 
of  the  order  of  5-10  percent  per  hour.     Rates  of 
this  magnitude  have  been  calculated  for 
observations  of  sulfate  in  the  photctehemical 
smog  of  the  Los  Angeles  Basin  (Roberts  and 
Friedlander  1974),  and  similar  rates  are 
consistent  with  recent  airborne  measurements  of 
sulfur  oxides  in  England  (Smith  and  Jeffrey 
1975),     Rates  in  excess  of  5  percent  per  hour 
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have  beea  observed  in  direct  measurements  of 
sulfate  levels  in  plumes^  from  electric  power 
plant  and  smelter  plumes^  (Gaurtrell  1963,  Weber 
1970,  Newman  et  al.  1975a),     However,  recent 
measurements  of  a  power  plant  plume  from  a  coal 
fired  plant  with  an  efficient  electrostatic 
precepitation  system  (99.5  percent  by  weight 
particulate  removal)  indicate  a  lower  rate, 
below  5  percent  cumulative  oxidation  during  the 
period  (about  two  hours)   for  which  the  plume 
could  be  observed  before  sulfate  levels  were  too 
close  to  background  for  accurate  measurement 
(Newman  1975b) . ^2 

Sulfur  dioxide  may  leave  the  atmosf^ere  by 
being  adsorbed  on  vegetation,  soil,  or  water 
before  it  is  oxidized  to  sulfate.    The  rate  of 
sulfur  dioxide  removal  has  been  extensively 
studied  in  England.     The  rate  of  removal  of  a 
volume  of  gas  by  a  surface  area  is  generally 
expressed  as  a  deposition  velocity  (volume  per 
unit  time  divided  by  area  has  the  dimensions  of 
velocity) .     A  deposition  velocity  of  0.8  cm/ sec 
was  judged  appropriate  as  an  average  value  for 
the  English  countryside  (Garland  1974) .  The 
deposition  rate  for  removal  of  sulfates   (in  the 
absence  of  precipitation)  has  also  been  studied, 
but  there  is' less  agreement  for  this  figure. 
The  OECD  study   (OBCD  1974)   is  using  O.U  cm/sec 
for  sulfate  deposition,  although  the  other  data 
indicates  that  this  value  may  be  high.^^ 

Precipitation  is  relatively  efficient  in 
removing  sulfate  particles  from  the  air.  There 
is  evidence  that  high  relative  hiamidities  that 
accompany  precipitation  increase  the  oxidation 
rate  of  sulfur  dioxide  to  form  sulfate*,  and  some 
sulfur  dioxide  is  removed  directly  by  being  ^ 
absorbed  into  the  water  droplets.    European  data 
indicate  that  rain  will  remove  nearly  all  the 
sulfur  oxide  from  the  air  within  60-100/km  of 
the  point  of  emission   (Miller  and  DePena  T973, 
Hogstrom  1973a, b;  Brosset  1973) .     The  resulting 
precipitation  is  highly  acidic,  and  tl^is  acid 
rain  may  have  deleterious  effects  on  vegetation, 
fisheries,  ^nd  materials  (see  Chapter  7)  . 

To  carry  through  our  analysis  we  need  to 
efssess  the  effect  of  emissions  from  a  power 
plant  in  changing  the  ambient  levels  of  sulfur 
dioxide  and  sulfates  in  downwind  areas.  Our 
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concern  is  with  average  annual  levels^  not  peak 
concentrations^  and  with  large  areas  relatively 
remote  from  the  plant  location.    Motivation  for 
this  emphasis  comes  from  the  health  and  material 
damage  assessments  to  follow:     It  is  believed 
that  very  low  level  increases  in  ambient  sulfate 
levels  may  cause  significant  health  effects  and 
damage  to  material  property. 

In  the ^absence  of  available  quantitative 
relationships  between  sulfur  oxide  emissions  and 
ambient  isulfate  levels,  we  have  developed  a 
highly  simplistic  model  for  the  emissions  to 
ambient  relationship* The  details  of  this 
model  are  given  in  Appendix  13-A.     The  model  is 
not  intended  as  a  predictive  device ,  but  rather 
a  summary  of  the  limited  available  understanding 
of  the  relationships  involved.     An  important 
purpose  of  the  model  is  to  clarify  the  need  for 
further  data  and  research  on  the  emissions  to 
ambient  relationships.     For  decisions  on 
emissions  control  alternatives  for  specific 
power  plants,  this  model  is  clearly  inadequate. 
Data  on  sulfur  dioxide  and  sulfate  levels  and 
detailed  information  on  regional  meterology 
could  be  acquired  at  a  modest  cost  and  this 
information  should  be  used  as  the  basis  for  a 
much  ihore  extensive  analysis  than  we  have  been 
able  to  carry  out  in  this  study. 

The  model  is  based  on  the  following  assump- 
tions:^ 

In  ^  period  shortly  following  the  emission, 
the  sulfur  oxides  become  uniformly  distributed 
from  the  ground  to  a  mixing  layer  height.  The 
height  of  the  plume  then  remains  constant. 

The  emissions  are  uniformly  distributed  over 
an  arc  of  constant  size,  so  that  the  width  of 
the  plume  expands  in  direct  proportion  to  the 
time  since  emission,  or   (with  constant  wind 
velocity)   in  direct  proportion  to  the  distance 
downwind  traveled  by  the  plume. 

We  are  assuming  that  the  emissions  travel 
down  the  plume  uniformly  distributed  in  a  «u^x" 
whose  length  is  the  distance  traveled  by  the 
wind  per  unit  timers,  whose  height  is  the  height 
of  the  mixing  layer,  and  whose  width  is  the 
distance  perpendicular  to  the  wind  direction 
subtended  by  an  angle  of  constant  size.     Thus,  ^ 
the  width  of  the  box  grows  in  direct  proportion 
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to  time^  and  the  concentration  of  pollutants 
decreases  inversely  with  time. 

we  make  the  following  assumptions  about  the 
chemical  reactions  of  the  sulfur  oxides. 

Sulfur  dioxide  to  sulfate  oxidation  takes 
place  according  to  a  first  order  rate  reaction. 
The  rate  may  change  considerably  between 
comparatively  cl^an  rural  air  and  pollutant- 
laiden  urban  air. 

Sulfur  dioxide  is  removed  to  the  ground  at  a 
constant  deposition  velocity,  beginning  at  the 
time  of  emission.     (This  assumption  will 
overestimate  the  amount  of  sulfur  dioxide 
removal  to  ground  for  a  plume  from  a  tall  stack 
that  travels  many  miles  before  touching  ground, 
and  it  will  underestimate  the  sulfur  dioxide 
removal  from  a  shorter  stack  where  the  plume  is 
in  contact  witti  the  ground  for  substantial  time  s 
before  the  plume  is  dispersed  uniformly  up  to 
tne  inversion  or  mixing  layer  height)  . 

Suspended  sulfate  is  removed  to  the  ground 
at  a  constant  deposition  velocity,  beginning 
with  the  time  of  emission. 

Precipitation  removal  can  be  ignored  in' 
calculating  reaction  rates.     In  rainy  weather  it 
is  reasonable  to  assume  that  virtually  all  of 
the  ambient  sulfate  is  removed  over  a  distance 
of  the  order  of  100  km.     We  shall  assume  later 
that  a  fraction  of  the  sulfate  is  removed  by 
precipitation  between  the  time  of  its  formation 
and  the  time  it  reaches  the  area  when  ambient 
levels  are  to  be  measured. 

The  relationships  in  the  model  are  shown  in 
Figures  13-6  and  13-7.     Figure13-6  indicates  the 
chemical  changes  and  removal  mechanisms  involved 
and  Figure  13-7  shows  the  geometry  assumed. 

We  shall  use  the  model  to  examine  two  repre- 
sentative situations: 

(1)  a  plant  located  in  a  remote  rural  area, 
approximately  500  km  upwind  of  a  major 
metropolitan  area, 

(2)  a'  plant  located  in  a  metropolitan  area, 
with  urban  settlement  extending  UO-80 
km  downwind  from  the  plant. 

We  shall  us^  the  first  to  examine  an 
existing  coal  fired  plant  and  a  new  coal  fired 
plant  in  a  remote  location,  and  the  second  to 
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exandne  an  existing  plant  in  an  urban  location 
that  could  be  reconverted  from  oil  to  coal. 

We  use  the  following  values  as  inputs  to  tJ 
calculation: 

(1)     The  wind  is  a  constant  20  kilometers/ 


(2)  The  angle  subtended  by  the  plume  is 
150. 

(3)  The  height  of  the  mixing  layer  above 
ground  is  1,000  meters. 

(«»)     The  depOstion  velocity  of  sulfur 

dioxide  to  the  ground  is  0.8  cm/sec, 
giving  a  removal  rate  of  2.88  percent 
per  hour  with  a  mixing  layer  height  of 
IrOOO  meters  above  ground. 

(5)  The  deposition  velocity  of  SOJJ  to  the 
ground  is  0.4  cm/sec,  giving  a  removal 
rate  of  1.44  percent  per  hour  with  a 
mixing  layer  height  of  1,000  meters. 

(6)  The  oxidation  rate  of  sulfur  dioxide  to 
form  sulfates  is  0.5  percent  per  hour  ' 
in  rural  air  outside  of  a  metropolitan 
area,  and  5.0  percent  when  the  air  has 
passed  over  a  metropolitan  area  and 
contains  particuJLates,  oxidants,  and 
hydrocarbons  from  urban  emission 
sources. 

(7)  All  sulfur  oxides  emitted  from  the 
power  plant  are  emitted  as  sulfur 
dioxide  rather  than  as  sulfates. 
Assuming  1  to  2  percent  of  S04  is 
emitted  as  sulfate,  the  error 
introduced  by  this  approximation  is 
negligible. 

We  now  examine  the  solution  obtained  for 
these  numbers.     (The  equations  will  be  found  in 
Appendix  13-A.)   First,  let  us  examine  the  case 
of  a  remotely  located  power  plant  of  about  600 
MW,  burning  3  percent  sulfur  coal,     its  average 
emission  level   (including  the  effect  of  plant 
loading)   is  computed  to  be  10*  kilograms  of  ' 
sulfur  dioxide  per  hour.     Table  13-6  shows  the 
marginal  addition  to  the  ambient  concentrations 
of  sulfur  dioxide  and  sulfate  from  this  plant, 
assuming  that  the  pollution  does  not  encounter 
pollutant  laden  metropolitan  air  (oxidation 
rate  of  802  to  SO^z     0.5  percent/hour). 
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Now  we  repeat  the  calculation  assuming  that 
the  emissions  occur  in  pollutant  laden  urban 
air,   for  which  an  oxidation  rate  of  5,0  percent 
per  hour  is  assumed  (see  ^Table  13-7)  • 

We  now  give  the  results  of  calculations  for 
the  representative  situations.     First,  let  us' 
examine  the  situation  in  which  the  power  pl^nt 
is  remotel]^  located,  but  the  eznissions  encounter 
polluted  urban '^sjir  in  a  metropolitan  area  480 
kilometers  (300  miles) /"downwind  after  24  hours. 
At  this  time  we  assume  the  oxidation  rate 
Chang esi  from  0,5  percent  to'  5  percent  per  hour. 
We  compute  the  incremental  contributions  to 
ambient  sulfur  dioxide  and  sulfate  levels  as 
shown^in  Table  13-8  and  -pTotted  in  .Figure  13-8, 

A  detailed  assessment  of  health,  materials, 
damage,  aiid  other  consequences  would  include  the 
spatial  yalriation  in  the  ambient  levels  of 
'  sulfur  dioxide  and  sulfate.     We  shall  avoid  this 

level  of  detail  and  use  representative  single 
,  values  for  the  incremental  contributic»i  to 
ambient  sulfur  dioxide^and  sulfate  levels 
resulting  from  the  emission©  of  the  power  plant* 
For  the  remotely  located  plant ^  we  take  as 
representative  for  computing  pollution  conse*- 
quences  the  values  after  two  hours  of  oxidation 
in  urban  air   (following  24  hours  in  rural  air  to 
give  a  total  of  26  hours  since  emission  frcnn  the 
power  plant)  .     For  the  urban  pl^nt,  we  take  as 
representative  the  values  three  hours  after 
emission,  assuming,  assuming  oxidation  in  urban 
air^  during  this  time  (see  Table  13-9)  , 

Of  the  effect  of  changes  in  the  inputs,  the 
most  uncertain  Xs  the  oxidation  rate.  A 
sensitivity  analysis  is  given  in  Table  13-10. 

The  dominant  effect  of  the  oxidation  rates 
in  determining  the  ambient  sulfate  concentration 
shows  up  strongly  in  Table  13-10:  Depending  on 
whether  we  use  high  or  low  values",  we  get  about 

eightfold  change  in  the  contribution  to 
ambient  sulfate  levels  from  the  power  plant. 
Note  we  would  have  even  higher  sulfate  levels 
from  the  remotely  located  plant  if  we  had  used  a 
uniform  2  percent  per  hour  oxidation  rate  for 
both  urban  cind  rural,  air,     (A  forthcoming  paper 
by  Eliassen  and  Saltbones  [1975]  uses  a 
trajectory  model  with  conversion  assumptions 
similar  to  ours  to  examine  sulfate  observations 
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FIGURE  13-8:     Incremental  Contributions  to  Ambient 
Levels  of  SO2  and  Sulfate  from  the  Emissions  of 
a  Single  Power  Plants  Representative  Calculation 
for  600  MW  plant  300  Upwind  of  Urban  Area 
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in  Northern  Europe  and  to  compute  rates  for 
sulfur  dioxide  and  S04  oxidation.     The  mean  of 
their  computed  rate  values  is  0,8  percent  per 
hour.     This  rate  gives  essentially  the  same 
answer  for  the  ii\CTemental  increase  in  ambient 
sulfate  as  our  representative  rural  plant 
calcuation  using  a  rate  of  0.5  percent  for  24 
hours  and  5  percent  for  two  hours.) 

The  sensitivity  values  shown  in  Table  13-10 
have  been  chosen  rather  subjectively  by  the 
authors  as  representing  a  set  of  reasonable 
extreme  values.     As  a  rough  appro ximaticfn  for 
assessing  the  uncertainties  involved,  we  will 
assume  that  each  set  represents  approximately^  . 
the  5  percent  and  95  percent  points  on' a 
cumulative  probsd^ility  distribution  assigned  to 
the  quantity   (e.g.,  the  probability  is  judged  to 
be  90  percent  that  the  uncertain  quantity  would 
lie  in  the  interval  between  the  low  and  high 
values  used  in  the  sensitivity  analysis,  rather 
than  outside  the  interval) .     In  addition, 
uncertainties  are  assumed  independent,  except 
for  the  rural  cind  urbcin  oxidation  rates  which  * 
are  assumed  totally  dependent  (e.g.,  if  one  xs 
high  then  the  other  will  be  high  also,  and  visa 
versa) •     A  sketch  of  the  resulting  probability 
distribution  on  eimbient  sulfate  levels  is  given 
in  Figures   13-9  and  13-10.     These  cturves  are 
meant  to  illustrate  the  great  uncertainty  on  the 
incremental  change  in  ambient  sulfate  levels 
resulting  from  the  emissions  from  a  power  plant 
located  upwind  from  an  urban  area  in  which  there 
-are  substantial  health  cind  material  property 
values  at  risk.     More  refined  models,  formal 
probability  assessment  procedures,  and  formal 
probability  processing  could  be  used  to  improve 
the  degree  to  which  these  curves  summarize 
present  knowledge  on  the  eniissions  to  ambient 
relationship  for  sulfates.     The  curves  shown  may 
be  taken  as  rough  summaries  of  the  present  state 
of  knowledge,  and  -they  are  subject  to  revision 
as  further  information  is  obtained. 


RECONCILING  THE  MODEL  FOR  AMBIENT  INCREASES 
FROM  A  SINGLE  PLANT  TO 
EMISSIONS  DATA  AND  AMBIENT  SULFUR  OXIDE  LEVELS 
FOR  THE  NORTHEASTERN  UNITED  STATES 
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Th^  calculations  in  the  last  section  give  us 
an  indication  of  the  relationship  that  may  exist 
between  sulfur  oxide  emissions  from  a  single 
power  plant  and  the  ainbient  levels  of  sulfur 
dioxide  and  sulfate  in  downwind  areas.  The 
relationship  must  be  regarded  as  tenuous,  and 
subject  to  substantial  change  when  regional 
models  of  sulfur  oxide  transport  become  avail- 
able.    Nonetheless,  the  objective  set  forth  for 
this  portion  of  the  report  is  to  carry  out  an 
analysis  of  alternative  strategies  based  on  the 
limited  information  presently  available.  We 
•  will  therefore  attempt  to  ^se  the  preceding 
calculations,  after  suitably  modifying  them  to 
account  ft>r  observed  sulfate  levels,  as  a  basis 
for  assessing  the  social  cost  per  pound  of 
sulfur  emitted.     The  framework  for  this 
calculation  is  easily  adapted  to  improved  models 
relating  power  plant  emissions  to  observed 
ambient  sulfate  levels,  where  such  improved 
models  are  developed.     The  model  used  in  the 
last  sectipn  (and  described  in  more  detail  in 
Appendix  13-A)   is  essentially  a  "back-of-the- 
envelope"  calculation  carried  out  by  the  authors 
when-.we  were  apprised  that  there  was  no  model 
f6r  long  range  sulfur  oxide  transport  available 
for  our  use  in  a  cost-benefit  analysis.  We 
believe  that  an  essential  step  in  a  cost  benefit 
analysis  of  alternative  abatement  strategies 
must  be  a  quantitative  relationship  between  the 
emission  level  cind  the  pollutant  concentrations 
at  the  location  where  the  pollutants  cause 
adverse  consequences. 

In  orcler  to  assess  the  degree  th^t  our 
representative  cases  of  the  previous  section 
were  representative  of  the  power  plar^ts 
presently  emitting  si^lfur  oxide,  we  compiled  the 
map  shown  in  Figure  13-10.  ^^*The  data  on  power 
plant  emissions  were  obtcdned  from  Federal  Power 
Commission  records  for  1972  <uid  dots  were  placed 
in  the  Air  Quality  Regions  corresponding  to 
plant  locations.     Each  dot  corresponds  to  power 
plant  emissions  of  50, COG  tons  of  sulfur  dioxide 
per  year.     For  the  representative  plant 
calculations  of  the  last  section  we  ass\imed 
emissions  of  10,000  kilograms  of  sulfur  dioxide 
per  hour,  or  about  96,500  tons  of  sulfur  dioxide 
per  year.     This  quantity  corresponds  to  just 
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less  than  two  dots  on  the  map.     One  dot  is 
quivalent  then  to  about  300  MW  of  capacity 
burning  3  percent  sulfur  coal.     Lists  of  large 
power  plants  burning  coal  and  oil  fired  plants 
that  might  be  reconverted  to  bum  coal  are  given 
in  AppencUx  13-B, 

Let  us  examine  the  map  of  Figure  13- 10a.  Vie 
note  a  large  concentration     (about  70  dots)  in 
Eastern  Ohio  -  Western  Pennsylvania  -  Maryland  - 
West  Virginia  area.     This  amount  corresponds  to 
more  than  10  percent  of  the  total  sulfur  oxide 
emissions  in  the  nation.     Another  large 
concentration  is  found  in  the  Southern  Illinois- 
Indiana-Kentucky  area, 

A  look  at  the  surface  wind  maps  of  Figures 
13-11  and  13-12  indicates  the  direction  of  the 
wind,  and  Figure  13-13  shows  us  the  location  of 
the  population  concentrations.     The  implication 
of  these  maps  is  grim:     The  sulfur  oxides 
emitted  by  these  r\iral  power  plants  tend  to  blow 
into  the  populous  urban  Northeast  corridor. 

Let  us  focus  our  attention  on  those  70  dots 
that  represent  the  concentration  of  power  plants 
in  the  Pennsylvania-Ohio  border  area  about  500 
km  upwind  of  Metropolitan  New  York,     Recall  that 
for  the  representative  rural  plant  we  calculated 
a  sulfate  concentration  of  0,66  ug/m3   (after  3 
hours  or  6  0  km)  ,  0,40  ug/m^   (after  2«*  hours  or 
«480  km)   and  then  <an  increase  to  0,58  ug/m^  after 
2  hours  exposure  to  urban  air.     The  observed 
data  of  sulfate  levels  for  rural  locations  in 
Pennsylvania  and  Virginia  is  an  annual  average 
level  of  about  9  ug/m^    (see  Appendix  13-C) ,  In- 
these  locations  there  are  no  local  sources  of 
sulfur  oxide  emissions,   and  observed  sulfur 
dioxide  levels  are  very  low,  of  the  order  of  ten 
micrograms  per  cubic  meter.     The  average  annual 
sulfate  levels  observed  in  greater  New  York  are 
in  the  range  of  12-20  ug/m3.     While  12,5  ug/m3 
is  the  average  for  urban  areas  in  the  Eastern 
United  States,  the  urban  areas  of  New  York, 
Pennsylvania,  New  Jersey  and  New  England  are 
somewhat  higher,  in  the  range  of  16  ug/m^  (see 
Appendix  1 3-C) , 

We  must  reconcile  these  observations  y/ith 
the  ambient  increases  computed  from  the  model  in 
the  last  section.     To  do  this,  two  additional 
factors  must  be  considered  that  were  not 
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FIGURE  13-11:  Normal  Surface  Wind  Directions  in 
January • 


FIGURE  13-12:  '  Normal  Surface  Wind  Directions  in 
July, 
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incorporated  in  the  model:     (1)     variations  in 
idind  direction,  and   (2)     loss  due  to  wet 
deposition  of  sulfur  dioxide  and  sulfate. 

VThereas  15°  may  be  an  appropriate  value  for 
the  angle  subtended  by  the  plume  on  a  particular 
day,  during  the  year  the  wind  will  vary  in 
direction  and  the  sulfur  oxide  emissions  will  be 
distributed  oVer  a  much  wider  sector.     We  shall 
assume  that  during  the  year  the  variations  in 
wind  direction  cause  the  sulfur  oxide  to  be 
distributed  over  a  sector  ot'i\5^,  three  times 
the  15°  sector  we  assumed  for  the  power  plant 
plume.     This  will  reduce  average  annual  sulfate 
(and  sulfur  dioxide)   ambient  increments  to  one 
third  the  values  shown  in  Table  13-9.     To  take  , 
account  of  wet  deposition  losses  from  rain,  we 
will  assume  that  25  percent  of  the  sulfur 
dioxide  and  sulfate  is  removed  by  precipitation 
prior  to  observation**.     This  will  further 
reduce  the  average  annual  ambient  increments  by 
25  percent.     The  atverage  annual  ambient 
increments  contributed  by  a  single 
representative  plant  would  then  be  1/U  the 
values  shown  in  Table  13-9%     The  adjusted  annual 
average  increments  are  shown  in  Table  13-11. 

The  70  dots  in  the  Pennsylvania/Ohio  Border- 
West  Virginia  area  on  the  map.  Figure  13-10, 
indicate  the  equivalent  of  36  representative 
plants  of  600  MW  burning  3  percent  sulfur  coal. 
Using  the  values  of  Table  13- 11  (and  the  sulfate 
value  for  12  hours  from  Table  13-6  adjusted  for 
precipitation  and  plume  width)  we  would  then 
expect  to  see  an  increase  of  36  x  0.25  x  0.53  = 
4.8  ug/m3  in  rural  areas  about  half  way  to  New 
York  and  an  increase  of  36  x  0.25  x  0.58  =  5.2 
ug/m^  in  the  urban  New  York  area.     If  we  assume 
a  background  level  of  sulfates  from  other 
natural  and  remote  man-made  sources  of  4-5  ug/m^ 
and  a  contribution  from  local  sources  near  New 
York  of  about  3-10  ug/m^  of  sulfate,  we  see  that 
the  numbers  are  in  general  agreement  with 
observations.     Obviously,  the  assumptions  (1) 
that  the  sulfate  resulting  from  emissions  in  the 
Pennsylvania/Ohio  border-West  Virginia  area  is 
distributed  over  a  45<^  sector,  and   (2)     that  25 
percent  of  the  sulfate  is  removed  by  rain  within 
12  to  24  hours  can  and  should  be  subjected  to 
considerable  refinement  using  meteorological 
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information  for  the  area  cm  air  trajectories  and 
pr  eci  pi  tat  ion  f requenci  e  s • 

It  may  be  useful  to  note  the  following 
implication  for  the  numbers  above:     If  sulfur 
oxide  emissions  from  power  plants  on  the  Penn- 
sylvania/Ohio border-West  Virginia  area  were 
doubled,  we  would  expect  an  increase  in  rural 
sulfate  levels  from  9  to  13,8  ug/m^,  an  increase 
of  about  50  percent;  and  an  increase  in  the 
urban  sulfate  level  in  the  Boston-New  York- 
Washington  D^C.  urban  complex  from  about  16 
ug/m3  to' 21,2  ug/m^,  an  increase  of  about  30 
percent.     These  numbers  are  of  course  extremely 
rough  calculations  based  on  many  simplifying 
assumptions,  not  the  least  of  which  is  the 
assumption  of  first  order  rate  reactions.  If 
oxidation  is  limited  by  the  availability  of 
pollutants  that  act  as  catalysts,  then  the 
increase  in  urban  sulfates  from  a  doubling  of 
sulfur  oxide  emissions  would  be  less.  An 
overall  estimate  for  the  increase  in  urban 
sulfate  in  the  Boston-New  x or k- Washington  urban 
corridor  from  doubling  power  plant  emissions  in 
the  Ohio-Western  Pennsylvania-West  Virginia  area 
Ai  might  be  taken  to  be  in  the  range  of  15-45 
percent*^. 

Let  us  now  consider  the  population  at  risk 
for  a  plant  in  the  Pennsylvania/Ohio  border  West 
Virginia  area.     If  we  assume  the  emissions  to  be 
distributed  over  a  45<>  arc  in  the  direction  of 
the  prevailing  winds,  the  area  affected  will 
include  the  New  England  states.  New  York, 
Pennsylvania,  New  Jersey,  Maryland,  Delaware, 
and  the  District  of  Columbia.     The  combined 
population  of  thdse  states  in  54  million  (1970 
census)   of  which  47  million  live  in  urban 
areas*®.     A  substantial  population  in 
southeastern  Canada  may  also  be  affected  by  the 
emissions.     We  shall  summarize  these 
considerations  by  assuming  a  population  at  risk 
of  50  million  persons  impacted  by  the  increase 
in  sulfate  levels  frc3m  a  representative  rural 
plant  located  in  the  area  approximately  500  km 
west  of  the  Boston-Washington  metropolitan 
corridor. 

We  will  make  similar  assumptions  for  the 
urban  location  representative  plant.  Let  us 
assume  that  on  an  average  annual  basis,  the 
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emisQions  from  the  power  plant  are  distributed 
through  a  45<>  arc  in  the  direction  of  the 
prevailing  winds.     Let  uq  further  assume  that 
«       ^  about  10  percent  of  the  sulfate  is  removed  by 
precipitation  prior  to  impacting  on  the 
population  at  risk  (since  the  time  assumed 
between  emission  and  measurement  is  3  hours  for 
this  case  instead  of  26  hours,  we  would  expect 
less  loss  from  rain) .     The  net  computation  of 
average  annual  ambient  increments  is  equivalent 
to  multiplying  the  values  in  Table  13-9  by  0,3: 
a  reduction  of  a  factor  of  3  caused  by 
variations  in  wind  direction,  and  a  further 
reduction  of  10  percent  caused  by  washout  and 
rainout  from  precipitat ion.     For  the  population 
impacted  by  the  emissions  from  the  urban 
location  representative  plant,  we  will  rather 
arbitrarily  take  11,5  million,  the  population  of 
the  greater  New  York  Metropolitan  area.  The 
calculated  values  for  sox  levels  for  the  urban 
location  case  are  suoufiarized  in  Table  13-11, 


ESTIMATED  HEALTH  COSTS  OF  ELEVATED  AMBIENT 
LEVELS  OF  SULFUR  OXIDES 

A  comprehensive  evaluation  of  ^  pollution 
reduction  strategy  must  compare  the  dollar  costs 
of  implementing  that  strategy  with  the  health 
and  other  costs  sacrificed  by  not  implementing 
it.     In  terms  of  our  present  problem,  this  means 
that  we  must  convert  a  given  level  of  sulfur 
oxide  pollution  to  a  dollar  health  cost. 
Placing  a  dollar  value  on  morbidity  and  morta- 
lity is  a  difficult  task,  one  that  we  all, 
understandably,  are  reluctant  to  undertake. 
However,  if  the  comparisons  of  monetary  and 
health  costs  are  not  made  explicitly  in  the 
analysis,  they  will  be  made  implicitly 
lelsewhere.     The  importance  of  the  assessment  of 
the  health  effects  of  sulfur  oxide  emissions 
dictates  their  explicit  consideration  in  our 
analysis   (see  Part  One) . 

Our  discussiw.  in  this  section  will 
consist  of   (1)   a  revii^  of  some  of  the  health 
effects  which  app^ryto  be  associated  with 
sulfur  oxide  air  pollution,    (2)     an  illustration 
of  the  sort  of  quantitative  model  which  is 
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need^-^^  the  evaluation  of  pollution  reduction 
strategies,   (3)     an  application  of  that  model 
which  will  indicate  the  sensitivity  of  health 
effects  to  changes  in  the  level  of  sulfate 
pollution r  and   (U)   a  method  for  converting 
specific  health  effects  to  aggregated  health 
costs  for  society. 

The  Relationship  Between  Adverse 
Health  Effects  and  Ambient  Levels  of  Sulfur 

Oxides  ^* . 

In  order  to  choose  logically  among  sulfur 
oxide  pollution'  reduction  strategies  we  need  to 
have  some  understanding  of  the  dose  response 
relationship  between  adverse  health  effects  and 
ambient  I^^els  of  sulfur  oxides.  Unfortunately, 
this  relationship  is  not  accurately  known  at 
present. 

In  general r  epidemiological,  studies  have 
indicated  an  association  between  ambient  sulfur 
^ioxide  levels  and  adverse  human  health  effects, 
yet  controlled  human  exposure  studies  show  that 
considerably  higher  lhan  existing  sulfur  dioxide 
levels  are  incapable  of  producing  an  acute 
response  in  man..    The  apparent  paradox  is 
explainable  by  the  possible  toxicity  of  sulfur 
dioxide  by-products  present  in  polluted  air. 
This  contention  is^pported  by  recent  studies 
carried  out  as  paft  of  the  Community  Health  and 
Environmental  Surveillanc'e  System  (CHESS  1974) 
which  indicated  that  health  effects  s^em  to  be 
more  closely  associated  with  exposure  to 
suspended  atmospheric  sulfate  than  with  exposure 
to  other  pollutants.  \ 

The  mechanisms  by  which  sulfir  oxides  and 
suspended  particulate  matter  maylact  to  impair 
health  are  not  well  understood.   [The  fine 
sulfate  particles,  parti culrly  atid  sulfate 
aerosols,  are  believed  to  irritate  the  membranes 
lining  the  respiratory  tract,  making  breathing 
-more  difficult  and  impeding  the  normal 
protective  and  self -cleansing  mechanisms  of  the 
lung.     There  is  some  data  indicating  that  the 
bronchoconstricting  potency  of  particulate 
sulfates  is  related  both  to  physical  properties 
of  the  particles,  such  as  size^^  and  to  chemical 
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^f??®^^^®^'  ^^^^  (Lewis  et  al.   1972,  Amdur 

1969),     The  biological  reactivity  of  the 
particles  also  seems  to  depend  on  such 
atmospheric  conditions  as  humidity  and 
temperature  and  there  may  be  important 
synergistic  effects  with  other  atmospheric 
agents    (McJilton  and  Frank  1973),     The  most 
effective  control  strategy  for  sulfur' oxides 
will  most  likely  depend  critically  on  the  exact 
nature  of  the  sulf ate-biologic  response 
relationship  in  man-     Therefore,  it  woul^  appear 
^ — that  there  is  a  very  high  value  to  citifying 
these  biological  issues  before  any  substantial 
resource  conmitment  is  made  to  a  particular 
method  for  atmospheric  ambient  level  sulfate 
coiTtrol . 


Adverse  Health  Effects  Attributable  to  Elevated 
Levels  of  Atmospheric  Suspended  Sulfates. 

The  stated  objective  of  the  epidemiologic 
studies  of  the  Qivironmental  Protection  Agency's 
Community  Health  and  Environmental  Surveillance 
System  (CHESS)   program  is  to  establish  data  to 
aid  the.  development  of  dose-response 
relationships  between  short-term  ancl  long  term 
pollutant  exposures  and  adverse  health  effects. 
As  stated  above,  more  research  is  required 
before  any  definite  quantitative  relationship 
may  be  established.     However,  progress  is  being 
made  in  this  area,  and  it  is  useful  to 
demonstrate- th^^anner  in  which  dose-response 
curves  should  be  utilized  in  the  context  of  the 
sulfur  oxide  pollution  control  decision  problem. 
^      In  the  next  section  we  shall  present  possible 
forms  for  the  dose-response  curves  for  some  of 
the  pollutant-disease  associations  that  have 
been  observed  in  recent  epidemiological  studies. 
^  A  description  and  assessment  of  studies  linking 
various  a'dverse  health  effects  with  sulfur  oxide 
pollution  appears  in  Chapter  U. 

Short  term  exposures  to  elevated  levels  of 
sulfur  oxides,  especially  acid-sulfate  aerosols, 
seem  to  aggravate  asthma  and  pre-existing  heart 
and  lung  disorders •     Results  of  a  study  of 
asthmatics  in  the  New  York  area  showed  higher 
rates  of  asthmatic  attacks,  which  are 
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characterized  by  marked  hyperconstriction  of  the 
trachea  and  bronchi  leading  to  sneezing  and 
gaspiiic]  f  or^  breathy  on  days  with  the  highest 
suspended  sulfate  levels.     The  average  threshold 
for  observed  aggravation  by  sulfates  was 
calculated  as  7.3  ug/m^  on  warmer  days  with  a 
minimum  temperature  above  50  F  and  11.9  ug/m^  on 
warmer  days  with  a  minimum  temperature  lying 
between  30  and  50  F  (Finklea  et  al.   1974).  A 
study  of  cardiopulmonary  patients  in  the  New 
York  Metropolitan  area  found  elevated  levels  of 
suspended  sulfates  to  be  consistently  associated 
with  symptom  aggravation^  particularly  shortness 
of  breathy  coughs  and  increased  production  of 
phlegm  (Goldberg  et  al.  1974). 

Elevated  short  term  exposures  to  acid 
sulfate  aerosols  hav^ frequently  been  shown  to 
accompany  percept^arble  increases  in  daily  morta- 
lity.    Older  individuals  with  pife-existing  heart 
'  and  lung  disease  are  particularly  at  risk. 
However^  it  is  not  known  whether  severe  episoede 
of  air  pollution  tend  to  shorten  only  the  life 
span  of  the  sever ely^^^^H,  or  if  the  life  span  of 
a  much  larger  group  of  the  population  is 
affected  (see  the  section  on  chronic  bronchitis 
and  emphysema  in  Part  One) . 

Epidemiological  studies  appear^  in  general^ 
to  indicate  that  repeated  short  term  peak 
exposures  or  annual  average  elevations  of 
suspended  sulfates  accompany  excess  acute  lower 
respiratory  disease  in  children^  excess  risk  for 
chronic  respiratory  disease  symptoms  in  adults^ 
and  decreased^ ventilatory  function  in  children. 
The  Salt  Lake  Basin  studies  of  the  CHESS  progrcun 
indicated^  for  example,  an  increased  incidence 
of  lower  respiratory  infection,  croup,  and 
bronchitis  in  children  living  in  communities 
with,  higher  annual  average  levels  of  suspended 
sulfates.     Similarly,  chronic  bronchitis,  which 
was  characterized  by  the  presence  of  cough  and 
phlegm  on  most  days  for  at  lea^t  three  months 
each  year,  was  found  to  have  a  higher' incidence 
rate  among  adults  living  in  the  more  polluted 
communities   (Finklea  1974,  Galke  1974  a,b). 
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Dose-Response  Relationship  between  Atmospheric 
Sulfate  Liavel  and  Health  Effects 

Summarizing y  epidemiological  studies  seem  to 
indicate  that  short  term  exposures  to  elevated 
levels  of  sulfur  oxides 

1.  aggravate  pre-existing  heart  and  lung 
disorders  in  elderly  patients, 

2.  aggravate 
asthma, 

3.  perceptably  increase  daily 
mortality. 

Repeated  short-term  exposures  or  elevations  of 
annual  average  exposures  seem  to 

4.  increase  the  incidence  of  lower 
^respiratory  disease  in  children, 

5.  increase  the  risk  for  chronic  respira- 
tory disease  in  adults. 

These  effects  were  observed  in  community 
studies  where  levels  of  sulfur  dioxide,  acid 
sulfate  aerosols,  and  suspended  particulate 
matter  were  usually  but  not  always 
simultaneously  elevated.     Accurate  measurement 
of  total  suspended  sulfate  was  in  many  cases  not 
available.     The  data,  therefore,  is  seriously 
limited  by  the  lack  of  accurate  dose 
information.     Similar  problems  are  involved  in 
the  evaluation  to  the  response  side  of  the  dose 
response  relationship.     The  studies  often  differ 
in  their  locale  and  their  methods  of 
ascertainment  of  illness.     Different  analytical 
and  statistical  approaches  have  been  utilized  to 
evaluate  the  available  data,  making  it  difficult 
to  ccxnpare  studies  performed  by  different 
investigators.  p' 

Despite  these  difficulties,  and  in  reconi- 
tion  of  them,  an  attempt  has  been  made  at  a 
preliminary  quantification  of  these  health 
effects  in  the  form  of  dose- response  curves^o. 
As  a  crude  approximation  let  us  assume  that  each 
of  the  above  health  effects  is  characterized  by 
a  linear  threshold  relationship.     The  j 
approximation  is  that  no  adverse  health  effect 
results  below  some  threshold  level  of  suspended 
sulfate  concentration.     Above  this  level,  the 
percent  of  cases  of  the  adverse  health  effect 
which  may  be  attributed  to  the  sulfate  (the 
"percent  excess"  is  assumed  to  increase  linearly 
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with  concentration.  By  plotting  the  results  of 
various  epidemiological  studies  on  a  graph 
relating  the  percent  excess  of  health  effects  to 
levels  of  suspended  sulfates^  the  "best  fit"  for 
such  a  linear-threshold  relationship  may  be 
obtained.     The  results  of  such  a  curve  fitting 
exercise  and  the  studies  upon  which  they  ^ere—^ 
based  are  summarized  in  Table  13-12.  / 


Obviously  there  is  a  good  deal  of  arbitra^rt- 
ness  in  the  definition  of  these  curves.  \ 
Consequently,  the  analysis  that  follows  is  meant 
more  to  illustrate  method  than  to  accurately 
cjuantify  health  costs.     The  uncertainty  in  the 
magnitude  of  the  health  effects  from  a  given 
increase  in  ambient  sulfate  is  of  the  order  of  a 
factor  of  20,   as  will  be  described  below. 


Health  Effects  of  Suspended  Sulfates  in  the  New 
York  Metropolitan  Area 

Once  dose- response  curves  have  been  agreed 
upon,  they  may  be  combined  with  expected 
frequency  distributions  of  suspended  sulfate 
concentrations  to  obtain  an  estimation  of  the 
health  effects  expected  from  an  increase  in  the 
current  ambient  levels  of  suspended  sulfates. 

We  illustrate  the  ^reasoning  with  an  analysis 
of  the  health  effects  of  suspended  sulfates  in 
the  New  York  Metropolitan  area.  Total 
population  for  this  area  and  the  population  of 
various  age  groups   (of  interest  as  populations 
at  risk)    arje  surnmarized  on  page  604. 
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TADLB  13-12 

"Boot  Judgcont"  Dooo-Rooponoo  Punctiono.* 

BEST  JUDGMENT  THRESHOLD  FUNCTION 
ADVERSE  EXPOSURE  THRESHOLD  SLOPE** 

HEALTH  EFFECT  DURATION  (uq/m^) 

INCREASED  24  HOURS 

DAILY  MORTALITY  OR  LONGER  25  .252 

AGGRAVATION  OF  HEART     24  HOURS 
AIJD  LUNG  DISEASE  OR  LONGER  9  1.41 

AGGRAVATION  24  HOURS 

OF  ASTHI-IA  OR  LONGER  6  3.35 

EXCESS  LOV/ER 

RESPIRATORY  DISEASE     Up  to   10  YEARS  13  7,69 

IN  CHILDREN 


EXCESS  RISK 
FOR  CHRONIC  RESP.   Up   to   10  YEARS  12 


DISEASE  IN  ADULTS*** 


f 


*Thooo  doQG  rooponoG  rolationohipo  wore  dcvGlopod  in  an  unpubliohGd 
atudy  for  tho  U.S.  Environmontal  Protection  Agoncy.     Tho  "boat 
judgment  thrcohold  functi-ono"  rcprooont  oubjcctiyG  approirimationo 
to  data,   not  prGcino  mathGinat ical  fito.     ThG  otudlGO  upon  which  thG 
ootimatGO  v/ero  baoed  aro  ao  followo:     Mortality;  ElLndoborg   (1968)  » 
Martin  and  Bradley   (1960)  ,   Lawthor   (1963)  ,  Glaooor  and  Greenburg  (1965) 
BraooGr  ot  al.    (1967),  Watanabo  and  Kaneko   (1971),   Nooe  and  Noog  (1970) 
Buochloy  Qt  al.    (1973).     Aggravation  of  heart  and  lung  dioGaoe;  Carnow 
et  al.    (1970),  Goldberg  et  al .    (1974)  .     Aggravation  of  asthma;""  French, 
Sugita  ot  al.    (1970),   FinXlGO  Gt  al .    (1973a) ^^fenklea  et  al.  (1974c). 
ExcGQQ  lowGr  rGopiratory  dioeaoe  in  children;^eloon  et  al.    (  19  74  ) 
Finkloa  et  al  .  ( 1974^,),,   Douglao  and  VJaller   (1966),   Lunn  Gt  al.  (1967), 
LovG  Gt  ( 19  74 )  ,Hj|i%iGr    (19  74).     Exceoo  chronic  reopiratory  dioeaoe; 

Burn  and  Pomborton   U974)  ,   Goldberg  Gt  al.    (1974  )  ,   Houoe  Gt  al .    (1973) , 
Hayes  et  ai.    (1974),   Yaohizo   (1968),  Houno   (1974),  Galke  and  Houoe 
(1974a),  Galke  and  House  (1974b). 

**Change  in  percent  excess  over  base  rate  for  population,   per  u9/m^ 
change  in  suspended  sulfate  level. 

***For  chronic  respiratory  disease,  difficulties  with  available  data 
necessitated  the  unit  of  measurement  to  be  excess  risk  rather  than 
direct  incidence  of  illness.     Actually,   in  its  originally  calculated 
form,   separate  done  response  functions  were  assessed  for  cigarette 
smokers  and  nonsmokers.     The  function  described   in  the  table   is  a 
weighted  linear  average  based  upon  the  average  prevalence  of  cigarette 
smoking  in  the  adult  population  at  risk- 

N 
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NEW  YORK  METROPOLITAN  AREA2  0 


o    Population      11, 5  niillion 

2,12  million  children  age  0-13 
7,27  inillion  adults 
K2U  million  elderly  over  age  65 
Daily  concentrations  of  ambient  suspended 
sulfate  concentrations  are  assumed  to  follow  a 
lognormal  frequency  distribution  with  an  annual 
average  of  16  ug/m^  and  a  stcindard  deviation  of 
5.6  ug/m3-     This  assumption  is  consistent  with 
the  New  York  studies  of  the  CHESS  report.  The 
objective  of  the  analysis  will  be  to  answer  the 
following  two  questions: 

^        What  are  the  health  effects  of  a  1  ug/m^ 
increase  in  the  annual  average  level  of 
suspended  sulfate  concentration? 
^        Suppose  the  concentration  for  the  top 
1  percent  peak  days  increases  by  10 
ug/m'. 

What  are  the  health  effects? 
The  answers  to  these  questions  will  tell  us 
something  about  the  sensitivity  of  the  health 
effects  to  changes  in  levels  of  sulfate  concen- 
tration.    This  information,  in  turn,  should  help 
us  to  evaluate  the  health  impacts  of  various 
emission  reduction  alternatives- 

For  increased  daily  mortality,  aggravation 
from  heart  and  lung  disease,  and  asthmatic 
attacks,  which  are  affected  by  daily  levels  of 
suspended  sulfates,  the  expected  effect  of  1 
ug/m3  increase  in  sulfate  levels  may  be 
estimated  by  calculating  the  expected  number  of 
cases  of  each  health  effect  under  current 
ambient  concentrations  and  under  current  ambient 
levels  plus  1  ug/m^  sulfate  concentration.  More 
precisely,   if  f(x;m,aj   represents  the 
(normalized)   frequency  distributional  for  24 
hour  sulfate  concentrations  and  y(x)   is  the 
dose-resonse  curve,  the  additional  percent  of 
/adverse  health  cases  due  the  unit  increase  in 
/  sulfate  concentrations  is  given  by 

Additional  Percent  Cases  = 

jj^y  (x)  f  (x;m+l,a)dx  -  j  ^y  (x)  f  (x;m,  a)  dx 
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Lower  respiratory  disease  in  children  and 
chronic  respiratory  disease  in  adt?lts  are  more 
closely  related  to  yearly  average  levels  and  so 
the  percent  excess  cases  niay  be  read  directly 
from  the  annual  average  dose-response  curves, 
comparing,  category  by  category,  the  percent 
ejccess  cases  with  the  total  number  of  observed 
cases,   estimates  of  the  number  of  cases 
attributable  to  the  suspended  sulfate  concen- 
tration are  obtained. 

The  results  of  such  calculations  are 
summarized  in  Table  13-13.     Since  annual  average 
concentrations  may  differ  from  16  ug/m^, 
depending  upon  exact  location,  the  calculations 
i^ere  also  performed  assuming  annual  average 
concentrations  of  12.5  and  20  ug/m^.     The  last 
column  of  Table  13-13  gives  the  expected  number 
of  additional  cases  resulting  from  a  lug/m^ 
annual  average  sulfate  concentration  increase. 

The  effects  of  an  increase  of  lO^ug/m^  in 
the  top  1  percent  days  of  peak  concentration  may 
be  obtained  by  altering  the  shape  of  the  2*4  hour 
sulfate  concentration  frequency  distribution. 
Specifically,   shifting  the  upper  1  percent 
"tail"  of  the  distribution  by  10  ug/m^  will  give 
us  the  desired  mathematical  expression  of  the 
effect.     The  results  are  given  in  Table  13-1«*, 
the  last  c  lumn  of  which  again  gives  the 
additional  number  of  cases  to  be  expected  from 
the  concentration  increase.     Of  the  five  health 
effects,  only  premature  mortality,  heart  and 
lung  disease  aggravation,  and  asthmatic  attacks 
are  significantly  affected  by  short  term 
elevati«'>ns  of  sulfate  concentrations.     Due  to 
the  assumed  linearity  of  the  dose-response 
curves  above  threshhold  levels,  these  entries 
are  independent  of  average  concentration. 
However,   for  high  levels  of  concentrations,  non- 
liuearities  become  increasingly  important  and 
may  imply  significant  deviations  from  these 
values.     Nevertheless ,  the  indication  is  clear 
that,  v/ith  the  exception  of  premature  mortality, 
a  1  ug/m3  average  increase  is  considerably  more 
significant  in  terms  of  average  health  effects 
than  is  an  occasional  10  ug/m^  increase  on  high 
pollution  days.     This  result  is  of  interest  for 
the  comparison  of  control  measures  which  are 
directed  to  annual  average  concentration  levels 
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versus  intermittent  controls  which  are  designed 
only  to  reduce  sulfate  concentrations  on  days  of 
eKtremely  high  ambient  levels. 


Estimation  of  Health  Costs 

To  complete  our  estimation  of  the  health^ 
costs  resulting  from  increases  in  the  ambient 
levels  of  suspended  sulfates  in  the  New  York 
Metropolitan  area  we  need  to  assign  estimates  of 
the  costs  to  society  appropriate  to  each 
incidence  of  an  adverse  health  effect-  The 
nominal  dollar  values  which  we  have  chosen  to 
employ  are  summa^Hbaed  below. 

ESTIMATION  OF  PER  CASE  HEALTH  COSTS 

One  Premature  Death  =  $30,000 

One  Day  Aggravation 
From  Heart  and  Lung 
Disease  Symptoms  $20 

One  Asthma  Attack  =  $10 

One  Case  Child's  LoV;er 
Respiratory  Disease  =  $75 

One  Case  Chronic 

Respiratory  Disease  =  $250 


Ideally^  these  values  should  be  assigned  so  as 
to  reflect  what  society  would   (or  should)  just 
be  willing  to  pay  in  dollars  to  prevent  the 
losses  sustained  when  a  typical  individual 
suffers  one  of  the  possible  health  effects  (see 
Lave  and  Seskin  1970).  We  believe  that  medical 
cost  and  lost  productivity  should  not  be  the 
only  basis  for  assessing  these  values^  as  was 
done  in  their  paper) .     Since  there  may  be 
considerable  disagreement  on  what  the  dollar 
assignments  should  be^  we  will  need  to  check  the 
sensitivity  of  our  results  to  these  values. 

Although  expressing  health  losses  in  terms 
of  the  dollar  is  convenient  for  our  purposes^ 
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other  uummon  unitG  ot  measuremenc  cire  possible. 
One  other  popular  numeraire  for  estimating 
health  damages  is  the  "equivalent  day  of 
restricted  activity   (EDRA) "   {Jacoby  et  al.  1973: 
189)  ,     The  Public  Health  Service  defines  a  day 
of  resliricted  activity  as  one  on  which  a  person 
substantially  reduces  tlie  a4,«^ant  of  activity 
normal  for  that  day  because  of  a  specific 
-    illness  or  injury   (PHS  1  971  :     53).     If  v/e  assusie 
a  person-day  of  resliricted  activity  to  imply 
health  costs  of  between  $1  and  $10   (Jacoby  et 
al-   1973,  MAS  197a:     volume  H) ,  then  our  nominal 
health  costs  are  equivalent  to  the  following 
assessment  of  EDRA's: 

one  day  aggravation  from  heart  and  lung  disease  =2-20  EDRA's 
one  asthma  attack  =1-10  EDRA's 

...one  case  child's  lower  respiratory  disease  =  7.5  -  75  EDRA's 

one  case  chronic  respiratory  disease  =  25  -  250  EDRA's 


These  ranges  compare  well  with  the  estimations 
of  Jacoby  et  al.    (1973:     Table  8-a) .  For 
premature  death  we  have  used  a  value  of  $30,000. 
Most  of  the  deaths  occur  among  chronically  ill 
elderly  people,  and  the  amount  by  which  their 
lives  are  reduced  may  be  only  a  matter  of  days 
or  weeks.     It  is  not  known  whether  sulfate 
levels  have  any  correlation  with  a  general 
reduction  in  life  expectancy  for  persons  of 
average  age  and  health.     Rather,  the  effect 
observed  is  a  statistical  increase  in  number  of 
deaths  recorded  on  days  of  high  pollution  levels 
versus  days  of  low  pollution  levels.     For  this 
reason  we  have  used  a  value  of  $30,000  life 
rather  than  the  value  of  $2  00,000  used  in 
highway  safety  and  other  applications  for  the 
value  of  life  for  a  representative  individual  in 
the  population    (NAS  197a) .     Sensitivity  analysis 
indicates  that  our  results  are  not  dependent  on 
the  value  assigned  to  premature  death. 

Multiplication  of  per-case  health  costs 
times  the  number  of  cases  given  in  Table  13-13 
yields  the  societal  health  costs  resulting  from 
various  levels  of  suspended  sulfate  concentra- 
tion.    Our  sample  values  yield  the  health  costs 
shoivn  in  Table  13-15.     Observe  that  the  major 
contribution  to  health  costs  from  a  unit 
increase  in  sulfate  level  appears  to  be  due  to 
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TAOLE  13-15 


Eotimation  of  Health  Coata  for  Varioua  Lovola 
ATilont  Suopondod  Sulfate   (Population  at  Riak 


Health 
Effect 


Annual 
Avorago 
Anbiont 
Sul f ato 
Concont^at  ion , 


Emcooo  r-tortality 
(nurJbor  of  doatho) 
por  year 


Aggravation  of 
Hoart-Lung  Diooaoo 
Symptomo  (million 
peroon-dayo  of 
aggravation 
por  day) 

Aothmatic  Attacka 
(thouoando  of 
attacko)   por  yoar 


Lowor  Roapiratory 
DiooaoG  in  Children 
(thounanda  of  caaeo 
por  yoar) 


Chronic  Rocpi ratory 
Di  aoaQG 

(thounandn  of  casco, 
point  fjrevaioncp ) 


Total  CoGt 


12.  S 
16.0 
20.0 

12  .  S 
16.0 
20.  0 
12.5 
16.0 
20.0 

12.  S 
16.0 
20  .  0 
12  . 
16.0 
20  .  0 
W  . 
16.0 
20  .  0 


Health 
Effect, 
(nunbor ) 


11,5  ciilHon) 

Addi^onal  Change 


Health 

Coot 
(million  C) 


di^o 
in  S^fate 

Concentration 
Increaae^ 


lug/ra^ 

effect  coot 
(nuniber)  (million  51) 


49 

K5 

11 

0.  33 

99 

3.0 

23 

0  .  60 

227 

6.0 

51 

1.53^ 

1  .  4 

20  .  4 

0.26 

5.2 

2  .  4 

40.  3 

0.41 

8.  1 

3  .  7 

7  3.9 

0.43 

Q  .6 

S60 

5.6 

GO 

0.01 

040 

0.4 

04 

0.04 

1100 

11.8 

Q4 

0.0^ 

0 

0 

4.9 

0.  3$ 

Z9 

2.2 

9.9 

0.  74 

69 

S  .  1 

9.9 

0  .  74 

28.  4 

7.  1 

40  .  6 

10. i 

171 

42.6 

40  .  6 

10.2 

3  3  3 

83.3 

40  .  6 

10  .  2 

4  2.6 

16 .  y 
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the  expected  incxeas^  of  40^600  ceases  of  added 
risk  for  chronic  respiratory  disease,  valued  at 
$250  per  case,  and  262  thousand  additional  %  , 
person- days  of  aggravated  heart  lung  disease 
symptoms,  value^  at  $20  each.  ^ 

Sensitivity  of  Health  Costs 

We  now  investigate  the  sensitivity?,  of  our 
estimate  of  the  health  costs  of .  a  lug/m^ 
increase  in  average  sulfate  concentration  to 
various  assumptions  used  in  the  analysis-  'The 
calculations  are  in  principle  identical  to  those 
performed  in  the  setrtion  on  the  relationship  of 
sulfur  dioxide  emissions  to  ambient  sulfa,te 
levels.     Rather  than  fixing  each  quantity  in^the 
analysis  at  a  nominal  value,  we  vary  that 
quantity  over  a  range  of  possible  values  and 
observe  the  effect  on  the  output  value,  which  in 
this  case  is  total  health  cost.     The  results  of 
the  analysis  appear  in  Table  13-16. 

The  sensitivity  values  shown  in  Table  13-16 
'  have  been  chosen  somewhat  arbitrarily  as  re- 
presenting a  set  of  reasonable  extreme  values: 
The  low  and  high  values  for  the  change  in  in- 
cidence of  each  health  effect,  per  unit  change 
of  ambient  sulfate,  were  taken  to  be  10  percent 
and  200  percent  of  the  nominal  values  respec- 
tively.    This  judgment  was  communicated  to  us  by 
representatives  from  the  Assembly  of  Life 
Sciences  Committee  that  authored  for  part  one  of 

this  report. 

We  see  from  the  sensitivity  results  that 
health  costs  of  a  lug/m^  increase  in  ambient 
sulfate  are  most  sensitive  to   (in  order  of 
magnitude)   the  estimated  health  cost  per  case  of. 
chronic  respiratory  disease,  the  health  cost  per 
"^ay  of  aggravation  from  heart  and  lung  disease 
symptoms,  the  number  of  additional  cases  of 
chronic  respiratory  disease,  and  the  additional 
number  of  days  of  aggravation  from  heart  and 
lung  disease  symptoms . 
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TABLE  U-16 

Sen&itiVity  Aridlysis:     Tntal   Health  C'st  of  a   l.q/m^   Increase  in 
Averaqe  Suspended  Sulfate  Concentration  in   the  New  York  Metroc>ol i tan 
Area 


7otal  Health  Cost 
per   pg/mJ  SO^ 
(mi  1 1  ion  S) 

20  .  S 


Nominal  vjlueb 

Additional  prernature  deaths 


low : 
h  iqh : 

A^di 


2.3 
46 

tional  dayu  uf   aggravated  heart  and   lung  disease 


low:        6.041  mil. .  yr . 
high:      0.82  mil. /yr. 

Additional   asthmatic   at  tack  a 

low :  8.4  thou5  .  /y  r . 
.^hiqh:      168  thou-^.^yr. 

Additional   cases   lower   respiratory  disease   in  children 


low:  .9.9  thoj 
hiqh:       19. R  th' 


/yr  . 


Additionml   cases  chronic   respiratory  disease 

low:  4.|fj  th<jus.'yr. 
hiqh  :  ■   Bilz  thoui^. .    yr  . 

Cost  per  premature  death 

low:  $3,jO'J 
high:  $120,000 

Cost  per  <lay  u-jgravation   fr-orr  rLeart   and   lunq  disease 

low:  0  2  ' 
niqh:  SHO 

/os»  p(?r 


hma    It  tack 


1  IV  : 
hiqh  : 


71 

S40 


•r   rt'sp.  1  ratory  disease 


1*      y  d  i  s«"'ase 


19.9 
21.2 


13.2 

28. b 


19.7 
21.3 


19.8 
21.2 


11.3 
30  .  7 


19.9 
22  .  5 


1  i  .  2 
44  .  8 


19.7 

2  3  .  (1 
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Uncertainty  in  Assessed  Health  Costs 

The  indication  from  the  sensitivity  analysis 
is  that  the  most  critical  quantities  in  the 
assessment  of  the  total  health  cost  of  a  1  ug/m^ 
increase  in  suspended  sulfate  concentration  are 
the  number  of  additional  cases  of  chronic 
respiratory  disease,  and  the  number  of 
additional  person-days  of  aggravated  heart- lung 
disease  symptomszs^     As  a  rough  approximation  we 
shall  neglect  all  uncertainties  in  health  costs 
but  those  arising  from  these  two  most  critical 
variables.     To  proceed  with  a  quantitative 
description  of  the  uncertainty  we  ^hall  assume 
that  the  range  of  uncertainty  in  the  dose^ 
response  relationship  (of  10  percent  to  200 
percent  of  the  values  given  in  Table  13-12)  can 
be  ti^eated  as  having  a  probability  of  90 
percent.     The  uncertainties  in  the  number  of 
additional  cases  of  chronic  respiratory  disease 
and  the  number  of  additional  days  of  aggravation 
from  heart  and  lung  disease  symptoms,  are  judged 
to  b^e  such  that  there  is  only  once  chance  in  ten 
that  each  of  these  quantities  lies  outside  the 
interval  defined  by  the  low  and  high  values  used 
in  th^  sensitivity  analysis.     Specifically,  we 
assume  that  there  is  only  a  5  percent  chance 
that  the  additional  number  of  cases  of  chronic 
respiratory  disease  from  a  1  ug/m^  increase  in 
804  is  less  than  4060,  and  a  5  percent  chance 
that  this  number  is  greater  than  81,200.23 
Further,  these  uncertainties  are  assumed  to  be 
totally  dependent   (e.g.  if  the  additional  number 
of  cases  of  chronic  respiratory  disease  is  high 
then  the  number  of  additional  days  aggravation 
from  heart  and  lung  disease  will  also  be  high, 
and  visa  versa) .     Similarly,  we  assume  that 
there  is  a  5  jJercent  chance  that  the  number  of 
additional  days  of  aggravation  from  heart  and 
lung  disease  is  less  than  41,000,  and  a  5 
percent  chance  that  this  number  exceeds  820,000. 
Finally,  in  order  to  facilitate  the 
calculations,  we  shall  assume  the  probability 
distribution  characterizing  the  resulting 
uncertainty  in  the  total  Wealth  cost  is  a 
lognormal  distribution.     The  shape  of  this 
distribution  makes  it  a  good  approximation, 
however,  greater   t^-curacy  could  be  obtained  by 
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formally  assessing  the  subjective  distributions 
of  experts  in  the  area  of  health  effects • 
Procedures  for  such  probability  assessments  do 
exist  (Spetzler  and  Stael  von  Holstein  1972) • 

Using  the  tiominal  values  of  $2  50  per  case  of 
chronic  respiratory  disease  and  $2  0  per  person 
day  of  aggravated  ^eart-lung  disease  symptoms 
and  the  uncertainty^  on  the  dose-response 
relationship  for  th^se  two  health  effects  as 
characterized  above,  we  can  compute  a 
probability  distribution  on  the  total  health 
cost  for  a  1  ug/m^  increase  in  average  annual 
ambient  sulfate  concentration.    As  has  been  the 
case  previously,  the  calculation  is  done  for  an 
average  ambient  sulfate  level  of  16  ug/m^  and  a 
population  at  risk  of  11,5  million  persons; 
This  probability  distribution  shows  a  5  percent 
chance  that  the  total  health  cost  will  lie  above 
$39  million  and  5  percent  chance  that  the  total 
health  cost  will  lie  below  $(♦  million,  with  a  90 
percent  chance  that  the  total  health  cost  will 
lie  between  these  values.     A  lognormal 
distribution  with  these  properties  has  an 
arithmetic  mean  of  $16  million, and  a  standard 
deviation  of  $12.3  million^*.    This  broad 
distribution  characterizes  the  great  uncertainty 
on  the  magnitude  of  the  health  effects  caused  by 
suspended  sulfate.     The  distribution  is  plotted 
as  Figure  13-14. 


SULFUR  OXIDE  DAMAGE  TO  MATERIALS 

A  number  of  studies  have  indicated  that 
sulfur  oxide  air  pollution  accelerates  the 
degradation  of  many  materials  (Waddell  1974) . 
Spence  and  Haynie  conclude  that  sulfur  dioxide 
plays  an  important  role  in  the  chemical  deterio- 
ration of  modem  day  exterior  points.  Based 
upon  a  corrosion  study  of  metal  structures.  Fink 
et  al.    (1971)   estimate  that  the  accelerated 
corrosion  of  zinc  by  sulfur  oxides  accounts  for 
inost  of  the  damage  to  metals.     They  estimate 
that  more  than  90  percent  of  the  national 
economic  costs  of  air  pollution  corrosion  are 
due  to  the  effect  of  sulfur  oxides  on  zinc.  As 
part  of  an  economic  evaluation  of  the  damages  of 
air  pollution,  based  primarily  on  a  review  of 
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the  literature,  Waddell   (1974)  assesses  the  '-j  . 
national  SOx-related  material  damage  costs  inV 
1970  to  lie  between  $.U  billion  and  $,8  billion. 
These  figures  are  arrived  at  by  summing  past 
estimates  of  damages  to  specific  material 
categories.     Consequently,  there  may  be  some 
double  counting,  and  it  is  possible  that  some 
significant  categories  of  materials  have  not 
be^  taken  into  accoxint. 


h  Simple  Materials  Damage  Model 

Although  the  total  natiohal  sulfur  oxide, 
pollution  damage  is  a  useful  number,   it  does  not 
help  us  much  if  we  are  trying  to  judge  between 
various  pollution  reduction  strategies.     What  we 
really  need  to  know  is  the  sensitivity  of 
pollution  damage  to  pollution  levels. 
Therefore,   our  objective  in  this  section  will  be 
to  estimate  the  reduction  in  pollution  damage 
which  will  occur  for  a  given  reduction  in 
ambient  sulfur  oxide  concentration. 

Unfortunately,  little  is  known  about  pollu- 
tion material  damage  dose- response 
relationships.     In  fact,  the  mechanism  by  which 
pollutiCHi  contributes  to  the  degradation  of 
concrete  and  metal  building  materials,  paints, 
and  fibers,  which  account  for  most  of  the 
estimated  damage,  is  not  entirely  clear.  Rates 
of  deterioration  appear  to  be  functions  of 
sulfate  accumulation  implying  that  there  is  no 
ambient  sulfate  level  below  which  no  effect  will 
occur  2S.     The  relative  significance  for  damage 
of  the  various  atmospheric  sulfur  compounds  are 
not  known.  ^ 

We  shall  summarize  our  available  information 
into  a  crude  dose-response  model.     Assume  that 
most  material  damage  occurs  in  Northeastern 
urban  areas  and  let  us  take  as  the  average 
Northeastern  urban  concentrations  45  ug/m^sulfur 
dioxide   (Gillette  1974)   and  16  ug/m^  suspended 
sulfate  (see  Appendix  13-C) .     The  model  consists 
of  a  linear  approximation  to  material  costs 
about  these  concentrations.     Let  f  be  the 
fraction  of  the  estimated  materials  damage  cost 
which  is  due  to  exposure  to  sulfur  dioxide  and 
let  the  remaining  fraction'  1-f,  be  the  result  of 
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exposure  to  suopended  sulfates.     A  doubling  of 
sulfur  oxide  pollution  levels  is  assumed  to 
roughly  double  costs   (see  Appendix  13-C) .  The 
net  change  in  urban  material  damage  costs, 
denoted  MD,  for  a  given  change  kj  in  average 
sulfur  dioxide  concentration  and  a  given  change 
k2  in  average  sulfate  concentration,   is  then 
given  by 


f  ^1  +     (1-f)   ^  X  Total  SOx  Material  Cost 

TS'vig/m^  16wg/ni^J  for  the  area. 


Following  the  method  of  analysis  in  the  sec- 
tion preceding  on  health  costs,  we  wish  to 
estimate  the  effect  of  a  1  ug/m^  increase  in 
ambient  sulfate  concentration  will  have  on  ^ 
material  damage  costs.     In  the  absence  of  more 
detailed  information  we  shall  proceed  as 
follows.     We  begin  with  an  estimate  of  $600 
million  for  annual  damage  caused  by  sulfur 
oxides  to  material  property,  which  applies  to 
the  nation  as  a  whole   (Waddell  1974:     a  high 
value  of  $800  million  and..a  low  value  of  $400 
million  are  given  in  addition  to  a  "best»»  value 
of  S600  million) .     We  shall  assume  that  90 
percent  of  this  damage  occurs  in  the 
northeastern  United  states,   60  percent  in  the 
New  England  states.  New  York,  Pennsylvania, 
Maryland,  New  Jersey,  Delaware,  and  Greater 
VJashington,   D.C.   and  30  percent  elsewhere  east 
of  the  Mississippi  river.     In  the  above 
mentioned  states  we  shall  assume  that  the 
materials  damage  from  sulfur  oxides  for  an  area 
is  proportional  to  its  population;  most  of  the 
population  in  these  stateSyis  in  urban  areas  and 
sulfur  oxide  damage  to  ma^rials  such  as  paints 
and  metals  will  occur  primarily  in  urban  areas. 
We  assume  as  earlier  that  the  population  at  risk 
for  the  remotely  located  plant   (assumed  in  the 
Pennsylvania/Ohio  border-West  Virginia  area)  is 
50  million,  and  that  total  sulfur  oxide 
materials  damage  in  area  affected  by  this  plant 
(the  states  mentioned  above)    is  60  percent  of 
$600  million  or  $360  million  dollars  per  year. 
For  the  urban  representative  plant,  the  popula- 
tion at  risk  is  assumed  to  be  11.5  million,  so 
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the  total  sulfur  oxide  materials  damage  is 
assumed  to  be   (1U  5/50)   x  60  percent  x  600  =  $83 
million  per  year. 

The  calculated  values  for  the  change  in 
materials  damage  per  1ug/m3  change  in  ambient 
sulfur  dioxide  and  sulfate  levels  for  the 
representative  case  analysis  are  given  in  Table 
13-17,     In  the  absence  of  better  information  we 
assume  that  fifty  percent  of  the  damage  is 
caused  by  sulfur  dioxide  and  50  percent  by 
sulfate.     The  numbers  of  Table  13-17  must  be 
regarded  as  extremely  crude  estimates, 

A  review  of  the  information  on  material 
property  damage  by  a  member  of  the  Committee 
suggests  that  Waddell's  estimate  for  material 
property  damage  caused  by  sulfur  oxides  might  be 
low  by  a  factor  of  four  or  five  (see  Appendix 
13-E).     The  implication  of  this  increase  in 
material  property  damage  will  be  addressed  in 
the  concluding  section. 


AESTHETIC  COSTS 

Damages  to  the  aesthetic  quality  of  the 
environment  by  air  pollution  are  a  major  public 
concern.     Aesthetic  costs  include  the  reduction 
of  long  distance  visibility  and  light 
transmittal  of/the  atmosphere,  noxious  odors, 
soiling,  and  tihe  deterioration  of  materials  of 
historic  or  artistic  significance. 

Public  perception  seems  to  be  that  the 
magnitude  of  these  costs  are  substantial,  a 
study  by  the  New  r^exico  state  University 
Agricultural  Experiment  -Station  recently 
assessed  the  aesthetic  environmental  damage  of 
the  Four  Comers  Power  Plant  at  roughly  $25  ' 
million  per  year  in  1970,     Respondents  to 
questionnaires  used  in  this  study  considered 
reduced  visibility  to  be  the  most  serious 
aesthetic  effect   (Randall  et  al,  197^), 

The  visibility-restricting  air  pollutants 
are  particulates  and  nitrogen  dioxide.  The 
extent  of  visibility  restriction  caused  by 
Suspended  particulate  depends  upon  the  chemical 
composition  of  the  particle,   its  size,  shape, 
and  concentration.     It  is  likely  that  sulfates 
may  significantly  contribute  to  visibility 
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reduction  by  increasing  the  particulate  loading 
(s^e  Chapter  5) .     Oxides  of  sulfur  are  also 
thought  to  be  responsible  for  the  accelerated 
decay  of  art  and  statuary   (Waddell  1974). 

One  method  that  has  been  used  to  estimate 
aesthetic  costs  of  air  pollution  is  by  market 
studies  of  real  estate  values   (see  Waddell 
197U).     Most  investigators  agree  that  costs 
associated  with  organoleptic  effects  (effects 
pertaining  to  sight  and  smell)   as  well  as 
soiling-caused  cleaning  and  maintenance 
expenditures  are  capitalized  in  real  estate 
market  values    (Waddell   197^:27).     By  applying 
cl assical  least  squar es  regression  analysis ,  the 
existence  of  a  relationship  between  air 
pollution  and  property  values  can  be  tested.  In 
most  applications  a  stati stically  significant 
inverse  relationship  between  air  pollution  and 
property  values   (or  rents)   has  been  identified. 

There  are  at  least  two  major  criticisms  of 
the  property  value  approach.     First,  for  the 
method  to  have  validity  the  housing  market  must 
adequately  internalize  aesthetic  pollution  costs 
into  its  pricing  structure.     It  may  be  argued 
that  this  is  not  the  case.     Second,  all 
significant  multi-collinearities  between  the 
pollution  variables  and  other  explanatory 
variables  for  property  values  must  be  removed. 
Since  many  unfavorable  neighborhood  attributes 
v/ill  likely  be  correlated  with  air  pollution 
(e.g.,  automobile  congestion)   there  is  consider- 
able danger  of  overstating  the  polluticm  coeffi- 
cients. 

Waddell  gives  an  estimate  of  $5.8  billion  as 
the  annual  national  cost  of  aesthetic  and 
soiling  effects,  of  which  50  percent  is 
allocated  to  sulfur  oxides  and  50  percent  is 
allocated  to  particulates   (Waddell  [197U],  Table 
13-21).     The  allocation  seems  misplaced  if 
visibility  and  odors  are  the  major  factors. 
Photochemical  smog  and  particulates  may  account 
for  much  of  the  local  visibility  effects  and 
local  concentrations  of  industrial  emissions  are  * 
responsible  for  most  of  the  noxious  odors.  * 
Sulfur  dioxide  is  not  detectable  by  its  odor  in 
concentrations  below  80  ug/m^ . 

Suspended  sulfates  may  play  a  significant 
role  in  reducing  visibility  on  a  regional  scale 
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(see  Chapter  5),     These  visibility  effects  due 
to  sulfate  deserve  further  investigation. 
Sulfate  particles  are  concentrated  in  the  sub- 
micron  size  range  that  causes  the  largest 
visibility  reduction  affects.     Other  fine 
particulates  may  also  be  iinpK)rtant • 
Electrostatic  precipitators  remove  only  about 
half  of  the  submicron  particles,  and  flue  gas 
desulf urization  should  remove  a  substantially 
larger  proportion.     The  effect  on  aesthetics  of 
sulfur  oxide  emissions  from  power  plants  may  be 
most  pronounced  in  rural  areas  with  high 
y     recreational  or  aesthetic  values,  such  as 
national  parks.     If  most  particulates  are 
removed  by  efficient  electrostatic 
precipitators,  it  is  not  likely  that  appreciable 
sulfate  oxidation  will  occur  until  the  plume  is 
dispersed,  so  the  reduction  in  visibility  may  be 
small  in  the  neighborhood  of  the  plant. 

The  aesthetic  effects  of  sulfur  oxide 
emissions  may  be  substcintial  for  some  particular 
power  plants.     It  is  difficult  to  assess  values 
to  the  aesthetic  effects  on  a  regional  basis. 
We  will  retain  an  aesthetics  cost  term,  and  for 
a  value  we  will  arbitrarily  take  20  percent  of 
V7addell's  5,8  billion  per  year  figure  for 
aesthetic  damages,  $1,16  billion  as  being  due  to 
S04,  and  prorate  this  over  33.9  million  tons  of 
sulfur  dioxide,  or  33^9  x  10«  pounds  of  sulfur, 
emitted  per  year.     The  resulting  value  of  3,^ 
cents  per  pound  of  sulfur  emissions  is  too  low 
to  be  of  major  significance  compared  to  health 
effects,  but  we  shall  keep  this  in  the  analysis 
for  sensitivity  since  in  a  specific  instance  it 
might  be  considerably  larger. 


ACID  RAIN:      EFFECTS  ON  SOILS, 
FORES'^,  AND  FISHERIES 


Acj^d  rain  resulting  from  sulfur  oxide  and 
nitrogen  oxide  emissions  is  now  widespread  over 
Northern  Europe  and  the  northeastern  United 
States.      (See  further  discussion  in  Chapter  7,) 
The  consequences  may  include  acidification  of 
soils,  loss  of  growth  in  forests,  death  of  fish 
from  low  pH  in  lakes  and  streams,  and  damage  to 
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outdoor  statues  and  building  l^acades.  These 
effects  are  difficult  to  assess  in  economic 
terms,  but  they  do  not  seem  significant  compared 
to  the  potential  health  effects  discussed  above. 
In  Chapter  7  the  first  three  effects  are 
discussed^,   and  it  it  is  roughly  estimated  that 
each  might  involve  incremental  costs  of  the 
order  of  1  cent  per  pound  of  sulfur  emitted  with 
the  sulfur  enissions  levels  that  might  be 
achieved  by  1980  in  the  absence  of  control. 
However,  not  all  of  the  costs  wouli^e  felt 
immediately,  and  direct  evidence  yrVie  extent 
of  the  damage  is  limited. 

We  will  therefore  choose  arbitratily  a  value 
for  the  overall  costs  associated  with  acid  rain 
of  $500  million  annually,  which  is  equivalent  to 
about  1.5  cents  per  pound  of  sulfur  emitted 
(with  1970  emission  levels).     As  with  aesthetic 
effects  this  value  will  be  too  low  to  be  of 
significance  compared  to  the  potential  health 
effects.     Sensitivity  analysis  will  indicate 
that  the  costs  ascribed  to  aesthetics  and  acid 
rain  have  little  effect  on  the  overall  result 
for  the  total  pollution  cost  per  pound  of  sulfur 
emitted. 


EVALUATION  OF  SULFUR  OXIDE  POLLUTION  COSTS  FOR 
THE  tlEPRESENTATIVE  CASES 

We  shall  now  summarize  our  assessment  of  the 
costs  associated  with  sulfur  oxide  emissions 
from  the  types  of  plants  we  have  taken  as  re- 
presentative, and  compare  these  to  generating 
costs  and  emission  quantities  to  identify  the 
best  strategy.     It  is  worth  reiterating  that  the 
calculations  rest  on  very  limited  information, 
and  many  assumptions  have  been  made  rather 
arbitrarily  in  order  to  carry  these  calculations 
out.     The  purpose  of  the  analysis  is  not  to 
achieve  numerical  answers,  but  by  using  a 
quantitative  framework  to  achieve  and 
understanding  of  the  complex  issues  involved. 
An  analysis  of  this  kind  does  not  resolve 
uncertainty;   it  may  be  useful  in  determining  the 
importance  of  uncertainties  in  the  context  of  a 
decision.     As  we  shall  see,   the  uncertainty  on 
the  pollution  cost  to  be  attributed  to  a  pound 
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of  sulfur  emission  is  large,  and  it  would  be 
worth  a  great  deal  to  resolve  this  uncertainty 
in  the  context  of  decisions  among  the 
alternative  strategies  for  sulfur  oxide 
emissions  control  on  power  plants. 


Remotely  Located  Plant 

VJe  have  assumed  for  this  case  that  the 
population  at  risk  of  50  million,  roughly  that 
of  the  North  Central  and  New  England  states. 
The  plant  is  assumed  to  be  located  in  the 
western  Pennsylvania-Ohio-West  Virginia  area, 
about  500  kilometers  upwind  of  the  urban  con- 
centrations in  the  Northeast  corridor.     We  have 
assumed  an  oxidation  rate  of  0.5  percent  per 
hour  for  the  24  hours  when  the  plume  is 
traveling  through  rural  air,  then  5  percent  per 
hour  for  two  hours  after  the  plume  has  encount- 
ered a  pollutant- laden  urban  air  mass.  Assuming 
that  over  a  year  the  emissions  are  dispersed 
over  a  45^  sector  and  25  percent  is  removed  by 
rain  before  reaching  the  urban  area,  we  compute 
an  increase  in  average  annual  ambient 
concentrations  of  0.145  ug/m3  of  sulfate  and 
0.35  ug/m3  of  sulfur  dioxide,  as  resulting  from 
10^  kilograms  per  hour  of  SOx  emissions.  This 
level  of  emissions  eqiials  96.5  million  pounds  of 
sulfur -emitted  per  year.     it  corresponds  to  the 
emissions  from  620  MW  of  generating  capacity 
with  an  efficiency  of  3  3  percent  burning  3 
percent  sulfur  coal  at  a  load  factor  of  6000 
hours  per  year    (representative  existing  plant) , 
or  612  MW  of  generating  capacity  with  an 
efficiency  of  38  percent  burning  3  percent 
sulfur  coal  at  a  load  factor  of  7000  hours  per 
year   (representative  new  plant)  . 

The  nominal  value  for  the  pollution  cost 
described  to  these  emissions  is  computed  in 
Table  13-18.     The  total  emission  cost  is  seen  to 
be  $20.3  million,  or  $0.21  per  pound  of  sulfur 
emitted.     We  can  place  these  costs  on  a  mills 
per  kilowatt  hour  basis  by  dividing  them  by  the 
numbers  of  kilowatt  hours  produced  annually. 
The  existing  plant  produces  3.72  x  10^  kwh  per 
year,  so  the  pollution  cost  computes  out  to 
about  5.5  mills/kwh.     The  more^ efficient  new 
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plant  produces  U, 28  k  10^  kwh  in  producing  the 
same  amount  of  sulfur  emission,   so  the  pollution 
cost  computes  out  to  4 . 7 -mills/kwh.     The  reader 
may  v;ish  to  verify  on  Figures  13-3  and  13-U  this 
correspondence:     Adding  a  pollution  cost  of  21 
cent  per  pound  of  sulfur  emitted  raises  the 
total  social  cost  of  generating  electiricity  in' 
cm  existing  plant  burning  high  sulfur  coal  from 
17.2  mills  per  kilowatt  hour  to  22,7  mills  per 
kilowatt  hour,  and  similarly  from  21.6  niills  per 
kilowatt  hour  to  27. mills  per  kilowatt  hour 
for  a  new  plaat.     For  both  cases  we  see  that  a 
better  alternative  is  to  burn  low  sulfur  eastern 
coal.     The  reduction  in'suliur  pollution  costs 
acKieved  by  switching  to  a  low  sulfur  coal 
slightly  more  than  pffset  the  higher  fuel  price 
for  this  fuel.     The  increase  needed  before  flue 
gas  desulf urization  becomes  the  best  alternative 
is  the  order  of  a  factor  of  two:     to  53  cents 
per  pound  of  sulfur  for  an  existing  rural  plant, 
to  59  cents  per  pound  for  an  existing  urban 
plant,  and  to  37  cents  per  pound  for  a  new  ' 
plant. 

The  pollution  cost  is  very  sensitive  to  many 
of  the  input  values  assumed  for  the  analysis.  A 
list  of  sensitivity  calculations  is  given  in 
Table  13-19.     The  two  most  important  health 
effects  are  chronic  refspiratory  disease  and 
V*    aggravation  of  sym^oms  for  persons  suffering 
from  chronic  heart  or  lung  disease  conditions. 
Both  the  costs  ascribed  to  these  health  Effects 
and  the  dose- response  relation  for  increases  in 
ambient  sulfate  concentration  may  cause  changes 
of  the  order  of  a  factor  of  two  on  the  pollution 
cost  value.     Oxidation  rates  are  also  very 
important:   For  example,   a  constant  oxidatiort 
rate  of  2  percent  for  both  rural  and  urbarjr-^ir 
causes  the  pollution  cost  to  rise  to  39. UViicffents, 
nearly  a  100  percent  increase. 

Examinatiofi  of  the  sensitivity  analysis 
indicates  tk^  changes  in  input  values  such  as 
oxidation  rate,   health  cost^  and  the  dose 
response  relation  for  health  effects  could  lead 
to  a  pollution  cost  above  37  cents,  at  which 
point  flue  gas  desulf'Urization  becomes  the  pre- 
ferred alternative  for  a  new  plant,  and  possibly 
even  above  53  cents,  the  value  at  which  Slue  gas 
desulf urization  becomes  the  preferred 
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TABLE  13-19 

Selected  Sensitivity  Analysis  Pollut.ion  Cost  Per  pound  o.f 
Emitted'  Sulfur  f^r  Representative  Remote  Plant 

Nominal  value  *  21<^ 

Cost  of  chronib  respiratory 

disease  increased  to  $1000/case  40  •9<^ 

(nominal  value-^  ^250/case) 

Cost  per  person-day  of  aggravated 
heart- lung  disease  symptoms 

increased  to  $80/day  36  •9<^ 

(nominal  value  =  $20/day) 

Cost  per* >  premature  death  increased  23,5^ 
to  $200,000    (nominal  value, =  $30  ,000) 

All  health  costs  increased  by  a 

factor  o£'  four  61  .K^ 

All  health  costs  decreased  by  a 

factor  of  ten  9.0<? 

Incidence  of  chronic,  respirat?ory 
disease  per  ug/m    of  SO^  increased 
by  a  factor  of  two 

27. 7<^ 

Incidence  of  chronic  respiratory 

disease  per  ug/m^  of  SO^  decreased  c| 
by  a  factor  of  ten  15  .K^ 


Dose  respons^  for  aggravated  heart- lung 
disease  symptoms  increased  by  -a*"  factor 
of  two   '  26. 3C 

* 

Dose  ^esponse  for  all  health  effects 

increased  by  a  factor  of  two  34. 4C 

Dose  response  for  all  health  effects 

decreased  by  a  factor  of  ten  9.0C 

Materials ' damage  increased  by  a  factor 

of  four  '         '  29 . 4  <^ 

Materials  damage  decreased  by  a  factor 

of  four  18  .  9<^ 
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TABLE  13-19  (continued) 

Aesthetics  costs  increased  by  a  factor 
of  four 

.  Acid  Rain  costs  increased  by  a  f agtor 
of  four 

Oxidation  Rates  assumed  doubled  to 
1%  per  hour  in  rural  air  and 
10%  per  hour  in  urban  air 

Lev;  Oxidation  rates 

0.1%  per  hour  in  rural  air  and 
1.0%  per  hour  in  urban  air 

Oxidation  rate  constant  at  2%  per  hour 
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alternative  for  a  retrofitted  (rural)   plant  in 
our  Representative  plant  calculations •  The 
uncertainty  is  such  that  although  low  sulf\ir 
eastern  coal  loo^  like  the  best  alternative  for 
the  representative  remote  plant,  neither  burning 
higifr  sulfur  coal  nor  flue  gas  desulf urization 
can  be  ruled  out.     With  better  information  to 
Resolve  the  uncertainty,  either  could  become  the 
preferred  alternative,  *  ' 


Urban  plant 

The  population  at  risk  here  is  assumed  to  be 
11.5  million,  the  population  of  the  greater  New 
York  City  ajrea.  ^  The  plant  is  assumed  to  be 
located  about  sixty  kilometers^pwind  of  the 
city,  and  an  oxidation  ratPe  ^^*0  percent  per 
hour  has  been  assumed  for  sulfur  dioxide  in  this 
metropolitan  area.     The  increase  Pn  avexage 
annual  ambient  sulfate  levels  is  computed  on  the 
assumption  that  the  ejnissions  aret  dispersed  over 
a  450  sector  and  that  10  percent  $f  the  sulfur 
is  removed  by  rain  before  impacting  on  the 
population  or  values  at  risk.     As  for  the 
remotely  located  plant,  the  level  of  emissions 
ass\imed  is  96.5  million  pounds  of  sulfur  per 
year,  or  an  average  of  10*  kilograms  of  sulfur 
dioxide  per  hour. 

The  nominal  value  for  tne  pollution  cost 
ascribed  to  these  emissions  is  computed  in  Table 
13-20.     The  total  annual  emission  cost  is  $53.1 
million,  or  $0.55  per  pound  of  sulfur  emitted. 

Looking  at  the  total  social  co&t  cal- 
culations for  Figure  13-5,  wesee  that  this 
value  lies  well  above  the  crossover  point  of  19 
cents  at  which  low  sulfur  coal  is  preferred  to 
the  alternative  of  burning  high  sulfur  coal,  and 
well  below  the  crossover  point  of  $1.00  per 
pound  of  sulfur  where  flue  gas  desulf uri zati on 
becomes  the  least  cost  alternative. 

Another  point  to  be  mentioned  here  is  that 
reduction  of  other  .particulate  emissions 
accomplished  by  flue  gas  desulf urization  has  not 
been  included  in  this  analysis.    ^Reduction  in 
emissions  of  other  toxic  particulates,  such  as 
trace  metals,,  -may  be  an  important  social  benefit 
for  the  flue  gas  desulf urization  alternative  as 
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TAHLK  n-.'O 

Cost  ot    Sulfur  (Jxide  Kitu      ions  .  Heprei^entat  i  v<i  Calculat  ic^n 
for  tirb.in  Plant   Kmittinq  10,0  00  kq  (jf  SOx  per  hour  j 
.f9f>,S  X    1  {/^   pounds  of   fiulfur    per  year) 

tro;:ts   ccjmputed  based  on    l-Bfi^q/m^   increase  \n 
sulfate  and   T.^^.q/m^    increase    in   sultur  ditjxide 
concentrations   m  m<.' t  ropo  1  i  tan  areas  with, 
population  <A    11.^  million. 

Hpalth  efj^ects  from  incrTiaiie:  (crjnpuLed  at  ambient  level 
of   16  ,q/m  ) 


75,^00  cases  of   chronic  respirat<jry  disease 
X   $2  50  per  case  > 

7^5,000   person  days  of  aqqravated  heart~lunq 
disease  symptom  x  $2n  per  day 

Kjb,000  asthma  <ittack.s  at   $10  each 

18,400   cas^  of   children's  lower 
respiratory  disease  at  $7^ 

42  premature  deaths  at  $30,000 

Total   Health  Cositr,  \ 

Materials  damaqe  I 
Materials  damaqe 

2.6  million  per    ,.q/m^  f)f  SO^   x   1.8  6 

0.7  million  per    ,.q/m     of  50 ^  x  7.5 

Aesthetics    ($0,0  34   x  '^6.5  x   10^  lbs) 

Acid  Rain  etc.{$0.01S   x   96. 10^  lbs) 

Total   Emissions  Costs 

Emissions  Costs  per   Pounti  of  Sulfur 


$18.9  mill  ion 

lb. I 
1  .  6 

1  .  4 

1  .  3 

$38.3  mil  lion 

4  .  8 

5  .  3 

3 

1.4 

$53.1  mill  ion 
55C 
\ 
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TABLE  13-21 

Selected  Sensitivity  Analysis  Pollution  Cost  per  Pound 
of  Emitted  Sulfur  for  Representative  Urban  Plant 

Nominal  value  55<: 

Cost  of  chronic  respiratory  disease  ^ 

increased  to  $1000/case  ^     113. 8<: 

(nominal  value  =  $250/case) 

Cost  per  person-day  of  aggravated  ^ 
hea3rt-lung  disease  symptoms 

increased  to  $8()/day  102. 0<: 

(noihinal  value  =  $20/day) 

Cost  per  premature  death  increased 

to  $200  ,000    (nominal  =  $30  ,000)  62. 4<: 

All  health  costs  increased  by  a 

factor  of  four  *  174<: 

All  health  costs  decreased  by  a 

factor  of  ten  19.  3<: 

», 

Inc;Ldence  of  chronic  respiratory  disease 
per  ug/m-^  of  SO^  increased  by  a 

factor  of  two  ^     74. 6<: 

$ 

Incidence  gf  cl^ronic  respiratory  disease 
E^er  ug/m     of  SO,  decreas^  by  a 

factor  of  ten,  37. 4<: 


Dose  response  fof  aggravated  heart-lung 
disease  symptoms  increased  by  a 
factor  erf  two  \    70  7<: 

( 

Dose  Spesponse  for  all  health  effects 

'    increased  by  a  factor  of  two  94. 7<: 

Dose  response  for  all  health  effects 

decreased  by  a  factor  of  ten  19r3<: 

Materials  damage  increased  by  a  factor 

of  four  '  86. 4<: 

Materials  damage  decreased  by  a  factor 

of  four  47. 2<: 


'  "\  ' 
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TABLE  13-21    (cont . ) 

Aesthetics  costs  increased  by  a  factor 
of  four 

Acid  rain  costs  increased  by  a  factor 
of  four 

Oxidation  ra,te\^ssumed  doubled  (10%/hour) 

Oxidation  rate  decreased  to  one  fifth" 
nominal  value   (e.g.^  1%/hour) 


Oxidation  rate  assumed  2% 


64. 9C. 

59. 4<^ 
^3.1<^ 

20.64 
29  .  5C 


( 
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opposed  to  the  use  .of  low  sulfur  eastern  coal. 
This  consideration  ought  to  be  included  in 
making  the  decision  on  emissions  control 
alternatives  for  a  particular  power  plant, 
especi'ally  one  that  is  located  in  a  metropolitan 
area. 

As  in  the  case  of  the  rural  plant  we  have 
carried  out  sensitivity  analysis' to  indicate  hov/ 
the  pollution  cost  per  potind  of  ^  sulfur  would 
change  if  different  inputs  were 'assumed  for  the 
calculation.     The  results,   shown  in  Table '13-21, 
show  that  the  pollution  cost  per  pound  of  sulfur 
emitted  could  differ  by  a  factor  of  two  or  more 
if  different  assumptions  were  used  for  the  cost 
attributed  to  the  most  significant  health 
effects   (chronic  respiratory  disease  and 
aggravation  of  heart-lung  disease  symptoms)  ,  the 
increased  prevalence  of  these  effects  per  unit 
increase  in  average  ambient  sulfate 
concentration,   and  the  oxidation  rate  for  sulfur 
dioxide  to  form  sulfate. 


UNCERTAINTY  ON  POLLUTION  COSTS  AND  THE  VALUE  OF 
RESOLVING  THIS  UNCERTAINTY 

In  previous  sections  we  have  used 
sensitivity  values  as  a  basis  for  sketching 
probability  distributions  to  represent  the 
uncertainty  on  the  ambient  increase  in  urban 
sulfate  resulting  from  the  emissions  of  a  single 
power  plant   (Figures   13-9  and  13-10)    and  the 
health  effects  of  a  given^ ambient  sulfate 
increase  on  incidence  of  chronic  respiratory 
disease  and  aggravation  of  heart-lung  disease 
symptoms   (Figure   13-14).     The  product  of  these 
two  uncertain  factors  is  the  dominant  term  in 
establishing  the  pollution  cost  per  pound  of 
sulfur  eiiiitted;  other  terms  such  as  materials 
damage,  aesthetics,   and  effects  caused  by  acid 
rain  are  judged  to  be  small  by  comparison. 
Thus,  the  probability  distribution  on  the 
product  provide^  a  first  cut  assessment  of  the 
overall  uncertainty  on  pollution  cost. 

An  overall  probability  distribution  on 
pollution  cost  per  pound ^ of  sulfur  is  given  in 
Figure  .13-15  for  the.  representative  remote 
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plant,  and  Figure  13-16  for  the  representative 
urban  plant. 

These  curves  should  be  regarded  as  sketches 
indicating* the  present  state  of  information. 
They  are  computed  from  the  probability 
distiribution  on  the  emissions  to  ambient 
relationship  (Figures  13-9  and  13-10)   and  the 
probability  distribution  on  health  effects 
(Figure  13-14J,  by  assuming  that  each  of  these 
distributions  could  be  approximated  as 
lognormal^    Since  the  product  of  lognormal 
distributions  is  lognormal,  the  the 
distiributions  shown  in  Figures  13-15  and  13-16 
are  of  the  lognormal  family.     It  should  be  noted 
that  only  uncertainties  in  the  emissions  to  V 
ambient  relation  and  the  magnitude  of  the  health 
effects  listed  in  Table  13-12  are  included  in  / 
these  'distributions.     Other  health  effects, 
property  damage,  visitJility  reduction,  and 
possible  climatic  changes  all  would  introduce  . 
additional  uncertainty  that  would  se'rve  to 
broaden  these  probability  distributions. 

It  might  be  noted  also  that  values  to  health 
ef  f  ects -^(e.  g«  ,   $250  per  case  of  chirtrfiic 
respiratory  disease)   hstve  not  been  txeated  as 
uncertain.     Changes  in  these  valued  would  change 
the  width  of  the  probability  distributions.  For 
example,  if  health  value  were  increased  by  a 
factor  of  four,  tKe  probability  distribution  in 
Figure  13-15  would  spread  from  about  8  cents  to 
about  $1.36  instead  of  40  cents. 

Let  us  recall  the ' pollution  costs 
corresponding  to  the  cross-over  points  between 
the  Alternative  strategies  which  are  shown^in 
Figures   13-3,    13-4,  and   13-5.     For  the  remote 
rural  plant  the  probability  that  the  pollution 
cost  would  be  below  19  cents,  were  the 
uncertainties  in  the  health  effects  and  emission 
to  ambient  relationship  resolved,  is  about  65 
percent.     The  probability  that  the  cost  would  be 
abov^  37  cents  is  5  percent  and  above  53  cents, 
of  the  order  of  one  percent.     We  can  similarly 
read  from  Figure  13-16  the  corresponding  values 
for  the  probability  that  the  pollution  cost  will 
be  above  59  cents,  th'e  crossover  pont  for  flue 
gas 'desulf urization,  case  where  sludge  could  not 
be  ponded  sludge  disposal  about  19  percent.  It 
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should  be  recalled  that  these  probabilities  are 
very  rough  asQeQsments. 

The  Figiires  13-17,   13-18,  and  13-19  are 
copieQ  of  Figures  13-3,   13-4,  and  13-5,  showing 
the  total  social  coat  per  kilowatt  hour  for  the 
representative  plant  as  a  function  of  the  cost 
per  pound  of  sulfur  emitted,     we  show  the 
probability  distribution  on  pollution  cost 
plotted  as  a  probability  density  function.  The 
height  of  the  curve  is  the  likelihood  of  various 
values  of  the  pollution  cost.     The  area  under 
the  curve  between  any  two  values  for  the 
pollution  cost  corresponds  to  the  probability 
that  the  pollution  cost  would  lie  in  that 
interval  were  the  u^xcertainty  to  be  resolved. 


The  Value  of  Resolving  Uncertainty 

Perhaps  the  most  important  consequence  of 
the  decision  analysis  formulation  is  that  we  can 
now  place  a  value  on  what  it  would  be  worth  to 
resolve  the  uncertainty.     The  value  of  resolving 
uncertainty  is  the  difference  between  the  value 
of  the  d^ision  situation  where  information  wiJLl 
be  made  available  to  resolve  the  uncertainty 
before  the  decision  is  made,  and  the  value  of 
the  decision  situation  where  the  decision  must 
be  made  in  the  face  of  uncertainty,  (The 
concept  of  the  value  of  information  i's  a  basit: 
and  rather  subtle  idea  in  modem  decision 
theory.     See  for  example  Howard  (1966,1968), 
North   (1968),  Raiffa   (1961,   1969),  Tribus  (1969) 
for  a  detailed  explanation  of  the  concept  and 
the  computation).     To  illustrate  this  concept, 
let  us  pose  a  hypothetical  question.     Suppose  a 
clairvoyant  were  available  who  knew  the 
emissions  to  ambient  relationship,  and  the 
health  effects  of  sulfate.     From  his  information 
we  would  be  able  to  compute  the  pollution  cost 
of  sulfur  and  resolve  the  uncertainty  shown  in 
Figures   13-15  and  13-16.     In  the  context  of  the 
decision  between  alternative  strategies,  how 
much  would  we  pay  him  for  this  information?  He 
could  help  us  avoid  expensive  mistakes.  For 
'example,  if  we  had  planned  to  use  low  feulfur 
Eastern  \coal  in  an  existing  ri^rai  plant  but  he  , 
then  told  us  the  pollution  cost  was  only  10  cent 
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per  pounds  we  woul^d  ajwitch  to  iiigh  sulfur  coal 
and  save  for  an  existing  plant,  20,6  *  .IB  -  * 
(17.2  ♦  2,59)   n  1,59  joillo  per  kilowatt  hour,  or 
about  S6  million  a  year  in  aocial  cost  for  a  620 
MW  plant  running  6000  hours  per  ^ear. 

We  know  what  we  would  have  done  without  the 
information,  and  given  the  information,  we  can 
compute  how  much  we  would  save  by  switching  the 
decision,     we  compute  an  expected  value  over  the 
probability  distribution  on  pollution  cost  of 
the  savings  we  would  get  by  switching  the 
decision  from  the  one  we  would  have  made  without 
the  clairvoyant's  information  to  resolve  the 
uncertainty.     The  probability  distribution  or\^ 
pollution  cost  is  of  course  exactly  the  same  as 
a  jorobability  distribution  on  what  the 
clairvoyant  will  tell  us. 

For  the  existing  rural  plant, ^ the  decision 
is  close  between  burning  high  sulfur  and  low 
sulfur  Eastern  coal.     It  is  unlikely  but 
possible  that  resolution  of  the  uncertainty 
would  indicate  that  flue  gas  desulf urization  is 
the  best  alternative.     The  value  of  resolving 
the  uncertainty  in  this  situation  is  about  0.53 
mills/kwh,  or  $2  million  a  year  for  the  plant. 
The  new  rural  plant  has  a  similar  answer-     It  is 
a  bit  more  likely  that  resolving  the  uncertainty 
^ill  result  in  a  switch  to  flue  gas 
desulfurization,  but  the  result  of  the 
calculation  is  about  the  same,  .48  mills/kWh  or 
S2  million  a  year  for  a  new  612  MW  plant 
operating  70D0  hours  a  year,     if  low  sulfur 
eastern  coal  is  not  available  at  the  rural  plant 
location  the  value  of  resolving  uncertainty 
drops  by  about  one  half,  to  about  $1.2  million 
per  year  for  an  existing  plant  and  $1.6  million 
for  a  new  plant. 

For  the  urban  plant  the  decision  is  very 
close  between  low  sulfur  coal  and  flue  gas 
desulfurization.     With  sludge  disposal  cost  at 
0.9  mills/kwh  for  FSD  for  the  urban  site,  the 
value  of  resolving  the  uncertainty  on  pollution 
cost  per  pound  is  about  0.25  mills/kwh,  or 
$900,000  per  year  for  an  existihg  plant  of  620 
MW  running  6000  hours  per  year. 

Judging  from  the  list  of  large  coal  burning 
plants  in  Appendix  13-B  and  the  sulfur  emissions 
data  in  Figure  13-10,  there  are  at  least  the 
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equivalent  of  about  one  hundred  of  our 
representative  rural  plants  (60,000  MW)  burning 
coal  of  the  order  of  3  percent  sulfur  ^in  the 
Northeaotem  region  of  the  United  States •  In 
addition  there  are  about  60^000  MW  of  new  coal 
plants  planned  or  under  construction ^  and  the 
order  of  20^000  MW  of  oil  fired  plants  that 
might  be  converted  to  coal,  we  scale  up  th^ 

result  of  the  value  of  information  calculation 
according  to  these  numbers,  we  reach  a  value  of 
about  $250  million  per  year  as  a  rough  estimate 
of  what  it  might  be  worth  to  resolve  uncertainty 
about  the  emis'sions  to  ambient  relationship  and 
health  consequences  of  sulfate. 


Relation  to  the  costs  of  a  Research  Program  to 
Rcjsolve  Unc^r4:ainty  on  Health  Effects  ^ and  the 
Emission  to  Ambient  Relationship 

L 

Some  estimates  for  the  costs  and  time  to 
obtain  results  in  resolving  the  uncertainties  on 
the  health  effects  of  sulfates  and  the  emissions 
to  ambient  relationship  are  contained  in  a  paper 
by  David  P.  J^all,  of  EPA,  which  is  in  the  Volume 
2  of  the  National  Academy  of  Sciences  report  on 
Automobile  EmissiOas  197a  p.     427-431 •  The 
estimated  cost  for  the  research  program 
recommended  in  this  document  is  approximately 
$8-10  million  per  year,  with  significant  results 
expected  from  most  of  the  program  elements  in 
two  €o  five  years.    The  program  funding  is  about 
equally  divided  between  research  on  monitoring 
and  understanding  sulfate  in  the  atmosphere,  and 
achieving  a  better  understanding  of  the  health 
effects  of  sulfates.     In  the  light  of  the 
preceding  calculation,  which  shows  a  value  of 
the  information  the  order  of  twenty-five  times 
higher  than  the  cost  of  carrying  out  this 
research,  such  a  research  program  would  seem 
like  an  excellent  idea. 


CONCLUSIONS  AND  OBSERVATIONS 

The  analysis  of  this  section  is  intended  as 
a  means  for  organizing  and  placing  in 
perspective  the  information  made  available  in 
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this  study  to  8er;ye  as  a  basis  for  decisions  on 
sulfur  oxide  control^    This  task  i^  an  ambitious 
one,  and  the  authors  are  well  aware  of  the 
limited  way  in  which  they  were  able  to  deal  with 
various  issues  under  Umitations  of  time  and 
rosourpes.    we  regard  the  analysis  as  a 
framework  and  not  a  finished  product^  and  we 
hope  tlmt  diligent  review  and  criticism  of  our 
work  win  provide  a  better  basis  for  decisions. 

The  major  thrust  of  the  analysis  has  been  to 
relate  the  "consequences  of  emissions  levels  to 
the  costs  imposed  on  electric  power  generation. 
We  carried  out  calculations  for  three 
representative  power  plants  in  which  we  examined 
the  effect  of  alternative  strategies  on  the  sum 
of  the  cost  of  electricity  plus  the  ^social  costs 
attributable  to  sulfur  oxide  emissions.  Whereas 
the  calculation  of  electricity  cost  is 
relatively  straightforward,  the  social  cost  of 
sulfur  oxide  emission  is  both  uncertain  and 
judgmental,  8o  its  assessment  is  difficult.  Yet 
a  decision  on  emissions  control  strategy 
requires  that  this  assessment  be  made, 
explicitly  or  implicitly.     We  have  shown  a  way 
of  carrying  through  the  assessment  explicitly, 
and  we  have  illustrated  how  the  preferred 
alternative  for  each  representative  plant 
changes  with  the  assessment'  of  pollution  cost 
and  with  changes  in  the  added  costs  of 
electricity  imposed  by  that  alternative. 

In  Table  13-22  we  have  summarized  the  main 
analytical  results  for  the ^representative  plant 
calculations.     We  show  only  the  alternatives  of 
burning  high  sulfur  coal,  switching  to  low  sulfur 
eastern  coal,  or*installing  flue  gas 
desulfurization.     (Coal  preparation  and  use  of 
western  low.  sulfur  coal  were  found  in  these 
calculationrs^to  be  somewhat  inferior  in  sulfur 
removal  for  the  additional  cost,  but  it  should 
be  cautioned  thart:  for  spme  power  plant 
situations  one  of  these  alternatives  could  be 
preferred.)  The. values  of  pollution  cost 
corresponding  to  the  crossover  points  between 
high  sulfur  coal,  low  sulfur  coal  if  available, 
and  flue  *ga8  desulfurization  are  shown  in  the 
first  section t  and  below  we  summarize  the  change 
in  the  crog0oV)e?r  point  per  increment  of 
additional  cost  in  the  abatement  alternatives. 
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TABLE  13-22 


Oucsaory  of  Idajpr  Uooulto  for  Uoprooontoti vo  Plonto 

Croooovor  voluoo  of  pollution  coot  (conto  por'  pound  of 
oulfur)   Qt  which  oltofnotivo  otrotogy  chongooj 


now  plant  (rural) 
oniotlng  plant  (rural) 
oil  plant  to  bo  rocon-: 
vortod   (urban)   to  coal 


IJwitch  from  high 
oulfur  to  oaotorn 
low  oulfur  coal 


19 
19 


Switch  to  FGp 
with  low  without 
oulfur  coal^low  oulfur 
available      coal  avail- 
able 
37  23 
53  26 


19 


59 


20 


Gonoitivitioo  I  Chango  in  croooovor  valuoo  for  a  1  tnlllAwh 
incror.ont  in  capital  coot  of  FGD  (1  cont/t4MDTU  incrocont  in 
prico  proniun  for  oaotorn  low  oulfur  coal) 


now  plant  (rural)  (0.57) 
oxioting  plant  (rural)  (0.57) 
oil  plant  roconvortod  (urban)  (0.57) 


23 
20 
20 


5.0 
4.3 
4.3 


Pollution  cooto  por  pound  of  oulfur  omittod 

Normal  valuo 


rural  caoo 

(now  and  ojcioting) 

urban  caoo 

(oil  plant  roconvortod) 


Point  on  Probability 
Diotribution* 


5% 

Koan 

95% 

21 

9 

10 

37 

55 

21 

46 

100 

Expoctod  Valuo  of  Rooolving  Uncertainty*,  in  raillo/kwh  (raillion^5/yoQr , 
oach  roprooontativo  plant) 

If  lov;  oulfur  coal 
Availablo  Not  availablo 


0.48 

(2.1) 
0.53 

(2.0) 
0.19 

(0.9) 


rtow  plant  (rural) 

OKioting  plant  (rural) 

oil  plant  roconvortod 
(urban) 

*Tho  probability  diotribution^   (Figuroo  13-15,  13-16) 
aro  a  rough  oummary  of  judgmo nt- regarding  uncortaintieo 
in  tho  omiooiona  to  ambiont  ralationohip  and  in  a  nura-*** 
bor  of  caooo  advoroo  health  offocto  givon  in  Tablo  13-12. 
Other  uncortaintioo  have  not  boon  included  in  fehooe  dio- 
tributiono  or  tho  value  of  information  calculation. 


0.  30 

(1.6) 
0  .34 

(1.2) 
0.40 
(1.5) 
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Asoessment  of  the  pollution  cost  was  found 
to  depend  most  critically .  upon  the  sullfur  di- 
oxide-ambient sulfate  relationship,  the  dose- 
response  relation  between  health  effects  and 
ambient  sulfate,  and  the  social  cost  ascribed  t,o 
the  health  effects •     Material  property  damage 
was  the  nent  most  important  factor,  and  the 
other  effects  were  judged  to  have  less 
importance.     Calculation  for  the  representative 
cases  was  carried  out  using  nominal  values  for 
these  input  factors,  and  uncertainty  from. the 
emissions-to-ambient  and  dose-response  relations 
was  characterized  by  probability  distributions, 
These  probability  distributior^s  were  then  used 
to  calculate  the  expected  value  of  resolving  the 
uncertainty  before  the  choice  of  emissions 
control  strategy  is  made, 
t 

\      High  Sulfur  Goal:     A  ^oor  Alternative 
"for  the  Urban  Representative  case 

The  results,  foc^the  urban  case  analysis 
indicate  that  burning  high  sulfur  coal  in  a 
plant  close  upwind  of  a  major  metropolitan  area 
is  a  poor  strategy  relative  to  low  sulfur 
eastern  coal  or  flue  gas  desulf ur ization.  With 
a  population  at  ris"k  of  11,5  million  (e.g., 
Metropolitan~New  York)   and  Health  values  of  $250 
per  case  of  chronic  respiratory  disease,  $20  per 
day  of  aggravated  heart  lung  disease  symptoms, 
the  nominal  pollution  cost  was  computed  at  55 
cents,  far  above  the  cross-over  points  of  19 
cents   (from  high  splfur  coal  ,to  low  sulfur  coal) 
and  28  cents  (from  high  sulfur  coal  to  FGD, 
assuming  low  sulfur  coal  is  not  available) . 
Resolving  the  uncertainty  on  emissions  to 
ambient  and  dose- response  is  very  unli)cely  to 
bring  the  pollution  cost  below  19  cents, 
.    although  a  significant  chance  .(29  percent)  is 
computed  that  this  resolution  would  bring  the 
cost  below  28  cents, 

would  it  be  worth  waiting  to  resolve  this 
uncertainty  before  acting' to  abate  the 
emissions?    The  following  argument  indicates 
that  ♦the  waiting  is  not  advisai>le.     Let  us 
consider  t.he  case  where  low  sulfur  coal  is  not 
%        available,  and  assume  the  decision  is  between 


high  "sulfur  coal  and  flue  gas  desulf urization. 
'Suppose  the  decision  is  delayed  a  year^  during 
which  high  sulfur  coal  is  burned:  t^e  expected 
net  social  cost  of  this  choice,  (pollution  cost 
plus  elactricity  cost)  iS'  about  4  mills/kwh^  or 
about  $15  million/year.  The  eftcpected  value  of 
resolving  the  uncertainty  is  mills/kwh^  a 

tenth  as  much.     Even  discounting  this  value 
forward  for  the  remaining  life  of  the  plants  "^he 
expected  improvement  in  the  decision  does  not 
compensate  ^for  the  loss-  incurred  ^y  a  year  of 
delay.     The  argxJtnent  for  continued  use  of  high 
sulfur  coal  if  low  sujfur  coal  is  available  is 
even  weaker:  the  cost  of  waiting  is  high  and  the 
chances  are  very  low  that  further  information 
would  show  that  sulfur  removal  was  not  worth  at 
least  19  cents  p^r  pound. 


Other  Comparison^  Among  Strategies: 
^  The  High  Value  of  Further  Information 

i 

The  size  of  the  uncertainties  and  the 
importance  of  judgment  on  health  values  make  it 
difficult  to  drdlw  additional  implications  in 
'comparing  other  strategy  alternatives.     For  the 
urban  case  low  sulfur  eastern  coal  and  flue  gas 
desulf urization  are  close,  and  for  the  rural 
case  the  best  strategies  appear  to  be  low  and 
high  sulfur  coal.     The  difference  between  these 
alternatives  is  slight,  and  the  value  of 
resolving  uncertainty  is  large.     An  estimate  .for 
the  country  as  a  whole  based  on  the 
representative  plant  calculations  is  $250 
million  per  year  to  resolve  the  uncertainty  on 
the  sulfur  oxide  emissions  to  ambient  sulfate 
relationship  and  the  dose  response  relation  for 
health  effects.     This  indicates  the  great  need 
for  near  term  research  results  in  these  areas. 

The  values  assigned  to  health  effects  play 
an  equally  important  role  in  the  calculations. 
If  the  values  for  chronic  respiratory  disease  of 
$2  50  per  case  and  $20  per  day  for  aggravated 
heart-lung  disease  symptoms  are  increased,  a 
factor  of  four,  the  range  of  pollution  costs  is 
shifted  up  to  where  flue  gas  desulf urization 
appears  desirable  for'botti  the  urban  and  rural 
case.     If  further  information  confirms  oxidation 


648 


rates  and  dose  reoponQe  relatlonQhips  of 
approximately  the  present  estimates,  the 
decisions  will  hinge  largely  on  those  difficult 
value  judgments:  how  society  shall  make  ^X.^ 
tradeoffs  between  reduction  in  these  health*^'''^ 
effects  and  reduction  in  the  cx>st  of 
electricity.     In  this  situation  equity  and 
distributional  issues  would  undoubtedly  assume 
much  greater  importance.     On  the  othet  hand, 
further  information  may  indicate  that  the  con- 
sequences of  sulfates  on  human  health  are 
sufficiently  great  (or  small)  so  that  the 
decisrions  are  much  less  sensitive  to  these  value 
judgments • 


Other  Needed  Information 

Appendix  13-F  contains  a  brief  review  of  the 
materials  damage  literature,  with  the 
implication  that  the  materi^als  damage  value  used 
Xj\  this  analysis  may  be  low  by' as  much  as  a 
factor  of  afour  or  five.     One  implication  of  this 
change  would  be  to  make  emissions  abatement  for 
the  urban  case  justified  on  the  basis  of 
alleviating  material  property  damage  alone.  It 
should  be  recalled,  however,  that  many  of  th^ 
assumptions  used  iri  the  materials  damage 
calculation  were  extremely  arbitrary,  and 
clearly  more  clarification  on  the  materials 
damage  issue  would  be  very  welcome. 

There  are  a  number  of  important  potential 
consequences  of  sulfur  oxide  emissions  that  were 
not  included  in  the  analysis:  the  pospibility  of 
more  serious  h'ealth  effects  such  as  cancer  or 
emphysema,  climatic  changes  indix:ed  by  sulfates, 
or  catastrophic  effects  on  living  systems  from 
high  levels  of  acid  rain.     These  areas  should 
receive  substantial  research  at^tention,  and 
information  on  these  areas  should  be  included  in 
subsequent  analysis  on  sulfur  oxide  emissions 
control  strategy.     Information  that  suflat.es 
contribute  substantially  to  serious  respiratory 
disease  could  motivate  a  strategy  of  very  high 
emissions  reduction  wherever  possible.  Since 
the  cost  of  additional  land  permitting  a 
scrubber  to  be  added  at  a  later  time  is  low, 
perhaps  in  the  range  of  a  few  thousand  dollars 
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annualized  cost  per  year,  it  would  seem  P^ujent 
'for  all  new  electric  coal  burning  power  stations 
to  allow  for  this  possibility. 

using  the  Methodology  on  a  Case  by  Case  Basis 

The. variation  in  circumstances  from  one 
power  plant  to  another  makes  it  highly  advisable 
that  the  decision  among  alternative  stral^egies 
be  examined  on  a  case  by  case  basis.     A  possible 
problem  in  this  approach  arises  from  the 
economic  and  air  quality  relationships  between 
the  plants.     The  main  economic  relation  is  the 
limited  near  term  supply  of  lofw  sulfur  eastern 
coal      If  there  is  more  demand  for  it,,  its  price 
premium  will  increase  relative  to  high  sulfur 
coal  until  it  is  effectively  no  longer 
available^    We  have  avoided  this  difficulty  by 
examining  the  two  extreme  cases,  low  sulfur  coal 
available  at  about  the  present  price  premium, 
andJiOfe,available  at  all.     The  relation  through 
ait  cMality  is  that  if  a  large  number  of  plants 
install  emissions  abatement,  the  pollution 
damage  per  pound  of  sulfur  jnay  decrease  below 
the  crossover  point  to  install,  abatement.  Given 
the  present  uncertainties  this  relation  does  not 
seem  a  serious  concern:  there  is  little  evidence 
to  indicate  a  sharp  threshold  for  damages  as 
emissions   (or  ambient  levels)   are  changed^ 

we  believe  that  an  important  use  for 
tvpe  of  methdology  illustrated  in  this  section 
is  to  determine  where  limited  resources  (such  as 
flue  gas  desulf urization  construction  capacity, 
available  low  sulfur  coal)   can  do  the  most  to 
alleviate  pollution  damage  in  the  near  term. 
This  approach'  may  be  most  helpful  in  setting 
priorities  among  types  of  plants  regionally  or 
among  several  plants  in  one  locality, ^ and  it 
could  be  extended  to  case  by  case  analysis  of  a 
number  of  power  plants  in  a  large  region. 
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FOOTNOTES 


1  Ambient  levels  of  sulfur  dioxide  and  sus- 
pended sulfates  and  their  relation  to  power 

,  plants  and  other  emission  sources  are 
"    discussed  in  Section  1  of  Part  Two, 

2  Further  discussion  on  the  relationship 
between  health  effects  emd  ambient  levels  of 
suifur  oxides  and  particulates  is  found  in 
Part  ^. 

3  since  other  pollutants  act  as  catalysts  to 
accelerate  the  oxication  of  sulfur  dioxide* 
to  sulfate,  a  possible  additional  control 
strategy  to  reduce  ambient  sulfate  levels  is 
to  reduce  the  emissions  of  these  other 
pollutants.     In  some  local  situations  this 

^'   approach  might  be  very  effective.  For 
example,  the  difference  in  observed 
oxidation  rates  in  plumes   (Gartrell  1963, 
(Newman  et  al,   1975a, b)  may  be  largely  due 
to  the  presence  of  particulates,  especially 
trace  metals  such  as  vanadium.     For  the 
northeastern  region  of  the  U,S,  taken  as  a 
whole  the  effectiveness  of  this  approach 
appears  much  less  promising.    The  chemistry 
of  the  oxidation  is  complex  and  not  well 
understood,  and  there  are  many  materials 
believed  to  act  as  catalysts.     Some  of  these 
may  be  impossible  or  extremely  expensive  to 
eliminate  from  the  atmosphere:     for  example, 
terpenes  and  other  hydrocarbons  given  off 
naturally  by  vegetation,  soot  ard  smoke 
particles,  and  photochemical  smog  resulting 
from  automobile  emissions.     While  further 
investigation  of  a  catalyst  control  approach 
appears  warranted,  the  best  approach  for 
reducing  sulfate  levels  appears  to  be 
reduction  of  the  quantity  of  sulfur  oxide 
emitted  into  the  atmosphere.     We  shall  not 
include  a  cataly^  control  alternative  among 
the  strategies  cOTil^idered  in  the  analysis. 
An  exception  is  the  toxic  materials  sections 
(307  and  311)   of  the  Federal  Water  Pplluti^n 
Control  Act  Ammendments  of  1972,  Public  Law 
92500,   92  Congress,  S,   2770,  October  18; 
1972,   specifying  a  fine  schedule  depending 
on  the  amount  spilled  for  toxic  substances 


651 

discharged  into  the  nation's  waterways. 
Excellent  discussions  of  the  merits  of  the 
incentives  approach  are  to  be  found  in  Solow 
(1971)   and  Freeman  et  al.    (1973)  . 
Other  possible  consequence  of  ambient 
sul fate  levels  include  changes  in  regional 
radiation  balances  through  the  increase  in 
atmospheric  turbidity   (Source:     George  Hidy^ 
persronal  communication)   and  influence  on 
regional  precipitation  through  cloud 
nucleation  effects   (Source:     Myron  Tribus^ 
personal  communicatip^i)  .  These 
meterological  effects  deserve  further 
investigation. 

Or  the  use  of  very  low  sulfur  coal.  The 
standard  of  1.2  lbs.   of  SOx  per  million  BTU 
could  be  met  with  0.7  percent  sulfur  eastern 
coal  or  0.5  percent  sulfur  western  coal. 
The  availability  of  such  coal  is  very     '  < 
limited  at  present ,  but  may  increase  as 
western  coal  resources  are  developed. 
Only  sulfur  oxides  are  being  counted  here  in 
the  assessment  of  pollution  costs.  This 
restriction  is  not  necessary  from  a 
methodological  point  of  view,  rather  it  is 
made  to  increase  the  clarity  of  the 
presentation.     Any  other  significant 
pollutants  should  also  be  included  in  the 
assessment  process  in  the  same  way.  For 
example,   if  substantial  water  pollution 
might  result  from  the  sludge  generated  by  a 
FGD  process,  the  costd  of  the  water 
pollution  consequences  should  be  assessed 
and  included  in  the  total  social  cost. 
Since  closed-loop  operation  and  careful 
disposal  practices  are  expected  to  reduce 
potential  water  pollution  from  sludge  to  a 
low  level,  no  such  cost  has  been  included. 
Other  potential  deterious  consequences  from 
FGD  would  include  environmental  damage  from 
limestone  extraction  and- lime  processing. 
To  the  degree  that  these  effects  are  of  sub- 
stantial magnitude  and  not  already  included 
in  the  cost  of  the  FGD  ^ternative,  they 
should  be  brought  into.t^e  analysis.  Coal 
preparation  may  also  cause  environmental 
damage  from  water  pollution;  this  damage 
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should  be  aQsecoed  and  if  oignificant 
included  in  the  co3t  of  coal  preparation. 
Other  fine  particulates  beside  sulfate  may 
h«^e  substantial  health  effects,  but  there  is 
virtually  no  detailed  information  now  available 
on  these  effeots.     In  \hG  absence  of  more 
information  sulfate  is  used  as  an  indicator  of 
the  toxic  potential  of  particulates,     it  should 
be  noted  that  FGD  results  in  a  reduction  of 
about  50  percent  tn  fine  particulate  eEidssions 
over  the  levels  obtainable  with  particulate 
removal  technologies  alone,  and  switching  to  low 
sulfur  coal  might  actually  increase  fine 
particulate  emissions  from  a  power  plant  unless 
particulate  removal  technologies  are  carefully 
optimized  for  the  new  copl.     Some  credit  for 
lowering  fine  particulate  emissions  should  be 
given  to  PGD  relative  to  the  low  sulfur  coal 
alternative,     in  view  of  the  grfeat  uncertainties 
in  the  health  effects  area  we  have  not  attempted 
to  assess  the  magnitude  of  this  credit. 
VThile  the  discussion  has  dealt  with  sulfur 
oxide  pollution,  effects  of  other  pollutants 
and  any  other  importarft  externalities  should 
be  included  in  the  assessment  of  the  least 
total  cost  to  society.     See  footnote^. 
Pollution  externalities  associated  with 
nuclear  power  have  not  been  included  in  the 
cost  of  the  nuclear  alternative.  The 
magnitude  of  nuclear  externalities  should  be 
assessed  and  included  in  a  comparison 
between  nuclear  and  coal  fired  generation.  ^ 
Health  effects  in  the  mining  and  processing 
of  fuels  may  be  as  significant  as  the 
pollutants  released  from  nuclear  and  coal 
fired  plants.     See,  for  example,  Saqan 
C1972),  (1974). 

More  advanced  techniques  of  coal  preparation 
are  discussed  in  Chapter  10.  These 
techniques  *^e  considerably  more  expensive 
for  the  additional  amount  of  sulfur  removed. 
11     As  stated  earlier,  the  focus  of  this 

analysis  is  the  hazards  from  low  levels  of 
sulfur  dioxide  and  sulfate,  and  not  the  re- 
duction in  violations  for  the  sulfur  dioxide 
primary  ambient  standard,     we  assiime  that 
such  violations  will  be  eliminated  either  by 
using  tall  stacks  and  intermittent  control. 
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or  by  one  of  the  alternative  strategies 
being  considered  in  analysis  for 

reducing  sulfur  oxide  emissions.  Although 
benefits  from  eliminating  violations  of  the 
primary  ^\ilfur  dioxide  standards  might  be 
significant  in  some  cases^  we  are  not 
including  them  in  the  analysis.     It  ia 
reasonable  to  assume  that  these  sbenef  its 
could  be  obtained  with  a  tall  stack- 
intermittent  control  system^  whose  cost  of  a 
few  tenths  of  a  mill  per  kwh  is  small 
compared  to  the  other  alternatives  under 
consideration.  ^ 
A  recent  airborne  measurement  by  EPA  on  a 
.coal  fired  power  plant  plume  indicates  an 
oxidation  rate  of  1  percent  per  hour  for  the 
first  10  miles,  then  an  increase  to  a  rate 
of  about  3  percent  per  hour  from  10  to  20 
mile3  as  more  ambient  (rural)   air  is 
entrained  into  the  pl/ime.    Background  ozone 
is  suggested  as  one  possible  mechanism  that 
might  lead  to  this  oxidation  rate.  (Source: 
personal  communication  froni  William  E. 
Wilson,  February  24,   1975.)  This  result  and 
the  recent  measurements  from  Edrope 
(Eliassen  and  Saltbones  1975)  provide 
evidence  for  rural  oxidation  rates  on  the 
high  side  of  the  range  of  uncertainty  we 
have  assumed:  towards  average  values  of  1 
percent  per  hour,  or  perhaps  even  higher, 
rather  than  0.1  percent  per  hour.    Even  a 
few  mpre^  njeasurements  of  this  type  could 
very  substantially  reduce  the  uncertainty  in 
oxidation  rate^  and  even  though  the  cost  of 
airborne  measurements  is  high,  the  value  of 
resolving  this  uncertainty  is  orders  of  mag- 
nitude higher,  as  will  be  discussed  below. 
Garland  (1974)  cites  the  work  of  other 
investigators  as  a  basis  for  a  value  of  0.03 
cm/sec.    AEC  practice  for  stibmicron 
particulates  is  to  use  a  value  of  0,15 
cm/ sec .     (Source :     C .  Gammert  s  f el der , 
personal  communication) . 

The  form  of  this  model  is  similar  to  that 
developed  by  Dr.  Michael  Mills  of  GCA 
Corporation,  Bedford,  Massachusetts,  for 
scxne  unpublished  work  carried  out  for  EPA. 
Additional  references  on  long  range 
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transport  of  sulfur  oxides  include  ^eedijk 
and  Velds   (1973)   and  Rodhe  (1972)  . 

15  Strictly  speaking ^  the  emissions  are  not 
uniformly  distributed  along  the  length 
unless  the  unit  of  time  is  small •  See 
Appendix  A  for  more  precise  description  of 
the  model. 

16  About  ao  percent  of  the  emitted  sulfur  oxide 
is  returned  as  sulfate  in  rain^  from  cal- 
culations in  Chapter  10*  '  ^ 

17  These  results  are  in  general  agreement  with 
the  results  given  in  Part  Two  Section  1:  the 
10-40  percent  increase  was  predicted  for 
urban  sulfate  levels  (for  the  nation  as  a 
whole)   as  a  consequence  of  doubling  sulfur 
oxide  emissions  from  all  power  plants 
throughout  the  country. 

18  Source:     1973  Statistical  Abstract,  using 
1970  census  data.     47  million  persons  lived 
in  standard  metropolitan  stastical  areas  in 
the  eleven  states  plus  the  Greater 

Was  hin gt on r  D . C .  ar  ea . 

19  Limited  data  have  shown  that,  within  the 
range  of  .3  to  2.5  um,  the  smaller  the 
particle  size  the  greater  the  irritant 

y^"^  potency.     Reference:     Amdur  (I960). 

20  The  dose- response  relations  that  we  are 
about  ro  describe  were  developed  in  an  un- 
published study  for  the  U.S.  Environmental 
protection'  Agency.     Our  use  of  these  ^ 
particular  curves  is  not  meant  to  indicate 
an  endorsement.     Rather,  we  present  them  as 
highly  simplified  illustrations  of  a  set  of 
possible  relationships  'that  have  not  yet 
been  firmly  established.  Judgment 
communicated  to  us  by  representatives  from 
the  Assemble  of  Life  Sciences  Committee 
responsible  for  Part  one  of  this  report-  was 
that  these  numbers  were  not  unreasonable,  ^ 
and  that  they  could  be  considered  tb^  best 
estimates  of  the  dose  response  relationships 
available  at  this  time.     Source:  • 
Statistical  Abstract  of  the  U.S.,   1972.   ,  The 
popvilations  listed  for  the  various  age 
groups  are  estimations  based  upon  the  total 
New  York  Metropolitan  Population    (Table  20, 
pg  20)   and  the  age  distribution  for  New  York 
State   (Table  36,  pg  31). 
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21  ThiQ  distribu€ion  is  conventially  log  normal 
In  tho  air  pollution  literature.    Data  given 
in  the  cfiESS  studies  indicate  that'  the  log 
normal  distribution  does  give  a  good  fit. 

22  As  shown  above,  liealth  coots  are  also  quite 
sensitive  to  the  dollar  costs  we  associate"^ 
with  each  case  of  a  given  health  effect. 
However,  rather  than  interpret  these  as 
uncertain  quantities,  we  take  the  point  of 
view  that  the  dollar  cost  for  ^  health 
effect  is  a  critical  quantity  which  society 
should  assign  as  a  basis  for  decision-making 
rather  than  ask  analysts  to  estimate.  Those 
responsible  for  setting  public  policy  should 
reflect  on  what  amount  of  money  should  be 
allocated  to  alleviate  the  suffering  caused 
by 'disease,  e*g.,  chronic  respiratory 
disease  and  aggrevation  of  heart-lung 
disease  symptoms  in  the  context  of  the 
decision  addressed  here.  Sensitivity 
analysis  indicates  how  the  pollution  cost, 
and  hence  the  alternative  strategy  having 
the^ lowest  social  cost,  will  change 
depending  on  the  value  judgirtents  used. 
Although  the  values  used  in  this  analysis 
are  subjective,  thqy  are  not  inconsistent 
with  some  crude  measures  of  individuals* 
willingness  to  pay  to  alleviate  suffering, 
e^s  for  example,  assessed  by  Jacoby  and 
Steinbrenner  (1973). 

23  The  reader  should  recall  that  the  population 
at  risk  from  which  these  numbers^are 
calculated  is  that  of  the  New  York 
Metropolitan  area,  11.5  millipn. 

24  The  mean  is  below  the^ominal  value  of  $20.5 
,  million  because  of  the  highly' asymmetric 

nature  of  the^orange:  from  10  percent  to  200 
percent  of  the  nominal  value  to  the  two  most 
serious  health  effects. 

25  However,  as  Gillette   (1973)  points  out, 
while  physical  deterioration  of  materials 
may  occur  at  relatively  low  pollution 
levels,  for  the  effects  to  be  economically 
important  (1)   the  normal  service  life  of  the 
material  must  be  reduced,   (2)   the  frequence 
of  maintenance  tasks  must  be  increased,  or 
(3)   the  quality  of  the  services  rendered  by 
the  product  must  be  diminished.     For  this 
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reason^  while  a  threshold  may  not  exist  for 
physical  damage,  economic  loss  from  phyQloal 
damage  rfiay  exhibit  such  a  threshold* 
Threshold  effects  may  be  introduced  wh^n 
converting  physical  material  damage  to 
ecx>nomic  loss.    Our  analysis  ignores  this 
effect f  possibly  causing  us  to  underestimate 
marginal  material  damage  costs.  More 
accurate  dose^response  information  ought  to 
be  applied  in  the  analysis  as  it  becomes 
available. 
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APPENDIX  13-A 


»  A  MODEL  RELATING  SULFUR  OXIDE 
EMISSIONS  TO  AMBIENT  SULFATE  LEVELS 


Appendix  13-A  presents  the  mathematical 
relationships  and  calculations  for  -the  emissions 
to  ambient  sulfate  model.     As  described  in  the 
text,   the  model  is  a  simple  "box"  model  in  which 
the  v/idth  of  the  box  grows  proportionally  with 
time.-    SO2  removal,  SOo  oxidation  to  sulfate^ 
and  sulfate  removal  all  proceed  according  to  a 
/  first  order  rate  reaction.     The  geometry  of  the 
model  is  illustrated  ih  Figures  App.   13-Al  and 
App.  13-A2. 

The  geometric  relationships  in  the  model 
are  a^  follows.     We  assume  a  constant  v/ind 
velocity  of  u  kilometers  pdr  hour,  and  assume 
that  the  plume  subtends  an  angle  9  in  the  dir~ 
ection  downwind  of  the  plant.     That  direction 

assumed  to  remain  constant.     In  a  small  time 
increment  At  a  quantity  Ax  of  SO2  is  emitted. 
V'^e  assume  this  to  remain  uniformly  distributed 
between  ground  and  the  mixing  layer  at  height 
h  above  ground,  across  a  width  (perpendicular 
to  the  direction  of  the  wind)   of  w(t)=2ut  tan 
(6/2),  and  through  a  length   (parallel  to  the 
direction  of  the  wind)  of  uAt.     Then  the  assump- 
tion for  the  box  model  is  that  at  time  t  the 
concentration  of  sulfur  dioxide  per  unit  volume, 
yQ,  is  uniform  v/i\:hin  this  box,  which  has  a 
volume  of 

UAt  X  ut(2taii  e/2)  X  h  =  A(t)   uAt  (1) 
where  A(t)   is  the  rectangular  area  in  the  cross- 
wind  vertical  plane.   If  we  assume  an  emissions 
rate  Ax/At  =  q  then  the  concentration  of  SO2 
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from  the  power  plant  at  a  time  t  after  emission 
(a  distance  of  ut  downwind)  ,  assuming  no  oxida*- 
tion  or  removal  has  occurred,  is  given  by  the 
quantity  emitted  Ax  =  qAt  divided  by  the  volume 
A(t)  uAt  of  the  volume  element: 

y  (t)  «    q^t     ^  q 
°        A  (t)uAt      2u-^ht  tan  (0/2)  /  (2) 

We  assume  that  there  are  no  further  sources  of 
SO2;  and  we  ignore  any  SO    present  before  the 
air  reached  the  power  plant.     Our  concern  is 
j-ust  the  SO    emitted  from  the  power  plant,  and 
y    is  the  incremental  SO    concentration  from 
tnat  power  plant,  to  be  added  to  the.  ambient 
level-s  from  other  sources.     Likewise,  in  the  - 
discussion  belov;,  we  treat  incremental  quanti- 
ties of  SO    and  sulfate  resulting  from  the 
emissions  of  the  power  plailt  source. 

Let  us  consider  the  volume  element 
AV(t)=A(t)uAt  to  contain  an  amount  of  sulfur 
dioxide  Y(t)   and  an  amount  of  sulfate  Z(t).  No 
new  sulfur  oxide  enters  this  volume  element 
after  it  leaves  the  power  plant,  and  sulfur 
dioxide  and  sulfate  are  assumed  to  be  removed 
only  through  dry  deposition  at  given  deposition 
velocities.     The  sulfur  oxides  are  assumed  to 
be  uniformly  distributed  throughout  the  volume 
element  Av(t)   at  all  times.     We  now  v/rite  the 
^   differential  equations  for  the  changes  in  the 
quantities  contained  in  AV(t).     Then  from 
equation   (1)  we  can  compute  the  concentrations 
of  SO2  and  SO    by  dividing  the  quantities  by 
the  volume  AV[t)   in  the  same  manner  as  for 
equation   (2) . 

Let  us  'first  take  the  oxidation  reaction. 
Of  the  quantity  Y(t)   of  SO2  contained  in  AV(t) , 
a  proportion  of  a,   is  lost  through  oxi4ation  to 
sulfate  per  unit  of  time: 

dY(t) 

—  =    -a^Y(t)  (oxidation)  (3) 

A  loss  also  occurs  through  dry  deposition.  Of 
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the  quantity  Y(t)   of  SO    contained  in  the  voir 
ume  element,  a  proportion  is  lost  per  unit  time 
equal  to  v,    (the  dry  deposition  velocity  for 
SO,)  times  the  area  of  contact  with  the  ground, 
which  is  the  uAt  x  2ut  tan{6/2),  timQS  the 
concentration,  which  is  Y(t)/huAt  x  2ut  tan (6 
/2)).     The  proportion  ol  SO^  lost  through  dry 
deposition  per  unit  time  is  then 

dY(t)   ^     -v^  ^  uAt -x  2ut  tan (6/2)   x  Y(t) 

dt      "   _•   „  

'    FuAt  X  2ut  tan(e/2) 

-V,  Y(t) 

z=  _i   (dry  deposition)  (4) 

we  shall  define  v,/h  -  a  ,   the  rate  of  loss  due 
to  dry  deposition-^of  SO^f     since 'loss  through 
oxidation  and  loss  through  dry  deposition  are 
the  only  mechanisms  by  which  the  quantity  of 
SO,  in  the  volume  element  is  changed,  we  com- 
bine  (3)   and   (4)   into  a  single  differential 
equation  for  Y(t),   the  quantity  of  SO^  in  the 
vo lume  e 1 emen  t : 

dY(t)  =  Y(t)    -a^  Y  (t)  (5) 

dt 

This  equation  has  the  solution. 
-(a,+a  )t 

Y(t)   =  Y^e         ^2  \b) 

where  Y^  is  the  initial  quantity  of  SO,  in  the 
vo-lume  ilement.     By  dividing  the  quantity  Y(t) 
by  the  volume  of  the  element  A(t)   uAt  we  obtain 
-(a3^+a2)t  r 

y(t)  =  3f  

2u^ht  tan6/'2  ( 


We  go  through. a  similar  reasoning  process  to 
arrive  at  a  solution  for  the  sulfate  concentra- 
tion.    If  oxidation  of  one  gram  of  SO,  produces 
k  grams  of  sulfate  ion,  then  the  quantity  of 
sulfate  Z(t)   in  tfTe  volume  element  is  given 
by 
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dZ  (t)         =     ka  Y(t)        (sulfate  formation 
dt  1  through  oxidatidh)  (8) 

since  a^Y(t)  grains  of  SO    are  oxidized  per  unit 
'time  in  the  volume  element  at  time  t  (from 
equation  (3)  )  .     We  also  inust  account  for  the 
loss  of  sulfate  through  dry  deposition.  The 
quantity  lost  from  the  volume  element  per  unit 
time  is  the  dry  deposition  velocity   (v^)  times 
the  lov;er  surface  of  the  volume  element,  the 
area  in  contact  v;ith  the  ground,   times  the 
concentration  of  sulfate  in  the  volume  element. 
The  area  of  contact  v;ith  the  ground  is  (as 
before)   uAt  x  2ut  tan(^/2),  and  the  concentra- 
tion of  sulfate  is  the  quantity  Z(t)   of  sulfate 
in  the  volume  element  divided  by  the  volume  of 
the  element:   Z(t)/huAt  x  2ut  tan(e/2)).  The 
proportion  of  sulfate  from  the  volume  element 
lost  per  unit  of  time* is  then 

-V    X  UAt  X  2ut  tan(e/2)   x  Z(t) 

dZ  (t)  _2  

dt  ^' 

huAt  x  2ut  tan(e/2) 
-  V2Z(t) 

  (dry  deposition)  (9) 

h 

o 

We  shall  define  V2/h  =^  a^,   the  rate  of  Loss  due 
to  dry  deposition  of  sulfate.     Since  formation 
through  oxidation  and  loss  from  dry  d^osition 
are  the  only  means  by  which  the -quantity  of 
sulfate  in  the  volume  element  is  changed,  we 
can  combine   (8)   and   (9)    into  a  single  differen- 
tial equation  for  the  quantity  of  sulfate  Z(t): 

dZ  (t)  =  ka,Y(t)    -  a^Z(t)  (10) 

N  dt  ^  ^ 

The  solution  to  this  differential  equation  is 
given  by 


Z(t)   =  Z^e-^2t  +  /a^k         Ve"^3^-e~^^l''^2)t  \  (i 


(11) 


,  a^+a2~a- 
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whe^re  Zg  and  Yq  are  initial  quantities  of  sul- 
fate and  SO2,  ifespectively,  in  the  volume  . 
element.     As  v;ith -sulfur  dioxide,  v;e  can  divide 
the  quantity  Z(t)  by  th^  size  of  the  volume 
element  to  Obtain  the  concentration  z'(t)  -  If 
the  initial  'quantity  of  sulfate        is  zero, 

'         q  ak^(eTa3t  le-^V^2^t) 

2(t)    °   —  »   X  —  (12) 

2u^ht  tane/2  (^'^^^2^^2^ 

It  is  also  possible  to  solve  these  equations  (6) 
and   (11)   for  rates  that  change  discontinuously 
from  one  time  period  to  another.     One  computes 
t^e  solution  for  the  first  time  period,  uses 
this  to  establish  the  quantities -Y^  and  Z^ 
as  initial  cpnditions  for  ^  the  second  time 
periodr.then  one  solve©  equations   (6)   and  (11) 
for,  the  second  time  period-  .  Of  course,  v/hen 
the  solutions  are  expressed  as  concentrations 
these  must  be  computed  by  dijs/iding  the  quan- 
tities of  SOp  and  sulfate  by 'the  .volume  AV(t)  u 
pf  the  volume  ei^ement,   and  this  volume  is^  in-^^ 
creasin'g  in  direct  proportion  to  6lme, 

0^  ^ 

In  ^olvin^  this'  model  to  obtain  concen- 
tration of  SO    and  sulfate  v/e  shall  use  the 
following  values  fpr  the  inputs: 

(1)  The  v/ind  is  a  constant  20  kilom^ers/  , 
hour. 

(2)  The  angle  subtended  by  the  plume  is 
150.         .  « 

(3)  The  height  of  thjs  mixing  layer  above 
ground  is  1000  meters. 

(4^     The  dry  deposition  velocity  for  SO 

to  the  ground  is  0-8cm/sec,  giving  a 

loss  rate  a^  of  2.88  per  cent  per  hour  with 

a  mixing  la?er  height  of  1000  meters. 

(5)     The  dry  deposition  velocity  of  SO^ 
to  the  ground  is  0 . 4cm/sec , giving 
a  loss  rate  a3  of  1.44  percent/hour  v^ith  a 
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mixing  layer  height  of  1000  meters 
above  ground. 

(6)  The  oxidation  rate  a^^  of  SOo  to  form 
sulfate  is  0.5  percent  per  hour  in 
rural  air  outside  of  a  metropolitan 
area,  and  5.0  percent  per  hour  when  the 
air  hao  pasoed  over  a  metropolitan  area 
and  contains  particulates,  oxidants, 
and  hydrocarbons  from  urban  emission 
sources. 

(7)  We  neglect  the  1-2  percent  of  sulfur  oxide 
emitted  initially  as  sulfate  and  con- 
sider that  all  of  the  10^  kilograms 

per  hour  of  sulfur  dioxide  is  emitted 
as  SO2.     This  assumption  is  of  course 
easily  relaxed,  but  since  the  initial 
sulfate  is  small  compared  to  the 
sulfate  formed  subsequently  by  the 
oxidation,  we  may  neglect  it  in  the 
calculation  without  introducing  a 
significant  error. 

Calculations  are  given  in  Table  13-6  of 
the  main  text  for  incremental  increases  in- the 
ambient  concentrations  of  SOo  and  sulfate  over 
,time  for  an  oxidation  rate  or  0.5  percent  per 
hour  and  in  Table  13-T  of  the  text  for  an  oxida- 
tion rate  of  5  percent  per  hour.     Table  App.  13-Al 
shows  the  results  if  a  2  percent  oxidation  rate  ' 
is  used. 
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Table  App.  IB-sAl 

IncrGmantal  Contributions  to  Ambient  Levels  of 
SOp  and  Sulfate  Resulting  from  the  Emissions  of 
a  Single  600m  Pov;er  Plant   (Oxidation  Rate  of 
2.0  percent  per  hour  assumed.) 
hour  assumed.) 

Time, hours  3        6        12       18       24  50 

since  emission  ,  * 


Distance  from 
plant, km  60 


120 


240     360  480 


1000 


Increase  in 
concentration 
(yg/m3)  27. 


3  11.8     4-4     2,2     1,23  0,17 


Increase  in  SO^ 
concentration 

(vg/m  ) 


2.59  2..36  -l,96  1.64  1,  37  0.66 


Table  13-8  of  the  main  text  and'  Figure 
13*-8  give  resuttd  foi:  the  case  in  which  an 
oxidation  rate  of  0.5  per  hour  is  assumed  for 
24  hours   (4  80  km)   then  the  rate  increases  to  5 
as  the  sulfur  dioxide  oxidation  reaction  is 
catalyzed  by  the  presence  of  urban  pollutants. 
Tables  App.   13-A2,3,  and  4  shov;  the  effect  of 
varying  the  time   (distance)  betv/een  the  plant 
and  the  metropolitan  area.     The  values  after 
two  hours   (40  km)   of  exposure  to  urban  air  are 
shov/n  'in  boxeg  for  comparison  to  the  values  of 
1.39ug/m^  of  and  0.58ug/m'^  of  SO^  for  the 

ambient  increments  from  Table  13-8. 
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TabXo  App-  13-A2 

incremental  Contributiono  to  Ambient  Levels  of 
SO2  and  Sulfate  from  a  Pov/er  Plant  in  a  Remote 
Location  (lO^- kg/hour  emiosiono^  120  km  from 

plant  to  city) . 


Time, hours 
since  emission 

Distance  from 
plant,  Jon 

Increase  in 
SO  concentra- 
tion (Mg/m^) 

Increase  in 
SO^  concen- 
tration 
(i^g/m^) 

Location 
of  plume 


60 


120  140 


28.6  12.9  I0T2 


0.66  0.62  1. 32 


160 


8.3 


1.78 


180 


6.8 


2.1 


rural  edge  of  metropolitan 
air      city  area 


Oxidation  Rate 

%  per  hour  0.5 


5.0  5.0  5.0 


5.0 
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Table  App.  IB-^AS 

Incremental  Contributions  to  Ambient  Levels  of 
SO-)  and  Sulfate  from  a  Power  Plant  in  a  Remote 
Location   (10^  kg/hour  SO2  emissions,  240  km  from 
plant  to  city) • 


Time, hours 
since  emission 

Distance  from 
plant,  km 

Increase  in  SO. 


60 


120 


12 


240 


0.66  0.62  0.53 


concentration  "  28.6  12.9  5.3 

(ug/m^) 

Increase  in  SO^ 
concentration 

Location  of 
plume 

Oxidation 
Rate 

%  per  hour 


13 


260 


4.5 


.83 


14 
280 

3.9 
1.  06 


15 


300 


3.3 


1.23 


rural 
air 


edge  of 
city 


metropoli- 
tan area 


0.5  0.5 


5.0       5.0       5.0  5.0 
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Table  App. .13-A4 

Incremental  Contributions  to  Ambient  Levels  of 
SO2  and  Sulfate  from  a  Power  Plant  in  a  Remote 
Location   (10^  kg/hour  SO2  emissions,  1000  km  from 
plant  to-  city)  . 

Timei^durs     6     12       18       24       50  51 
since 
emission 


Distance 
from  plant, 
km  120 

Increase  in 
SO^  con- 
centration 
(pg/m^)  12.9 


240     360     4180  1000  1020 


5,3  2.87  1.76  0.35  0.32 


Increase  in 
SO  con- 
centration 

(pg/m^)    0.62  0.53     0.46  0.40  0.22  0.24 


52 


1040 


0.29 


0.25 


53 


1060 


0.26 


0.26 


Location  rural 
of  plume  air 


edge  of  metropo- 
city  litan 
area 


Oxidation  0.5  0.5'  0.5     0.5     5.0     5.0       5.0  5.0 
Rate  % 
per  hour 


APPENDIX  13-B 
THE  REPRESENTATIVENESS 


OF  THE  ILLUSTRATIVE  CASES 


Ideally,  the  analysis  of  alternative 
emission  control  strategies  should  be  carried 
out  for  each  individual  power  plant,  but  such 
an  effort  was  obviously  not  possible  for  the 
present  study .     Our  analysis  has ,  instead , 
focused  on  two  illustrative  cases:  a  rural 
plant  300  miles  upwind  of  a  metropolitan  area, 
and  a  plant  in  or  adjacent  to  an  urban  ctrea. 

Tables  App.   13-Bl,2,  and  3  indicate  the - 
number  and  nature  of  the  various  power  plants 
that  our  ^illustrative  examples  represent.  iPhe 
data  is  illustrative,  not  definitive:  in  some 
.cases  it  is  out  of  date  or  in  need  of  qualifi- 
cation.    The  reader  is  directed  to  the  referenced 
source  dopuments  for  further  details. 

Table  App.l3-Bl  lists  some  of  the  larger 
existing  coal  fired  plants ,  their  locations ,  and 
some  relevant  technical  and  economic  charax^(0r- 
istics.     Table  App.   13-B2^1ists  some  new  coal 
fired  plants  and  those  units  planned  for  con- 
struction in  the  near  future.     Table.  App.  13- 
B3  contains  a  tabulation  of  existing  oil  fired 
plants  deemed  convertible  to  coaX.    (The  deter- 
mination of  which  oil  burning  plants  could  be 
converted  to  burn  coal  was  Carried  out  by  the 
Oil  Savings  Work  Group,  Office  of  Energy  Con- 
servation, Federal  Energy  Agency*  All  of 
those  plants  listed  were  originally  designed  to 
burn  coal. ) 
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TABLE  App.  13-Bl 


oisTUG  UULSS  COAL  piuD  rotfu  ruirro.  i^n  ' 


tiS2i 


C«p«c 


Co«t  Par  EU 
Capacity  {g) 


Portl*:^ 

■oMr  cur 
W.  Plttsburfk 
V*rk  e«v«a 

Sun  bury 
Stwlocts 
Ifidlana  C*. 
Strswbarry  lldia 

CaurtBay 


Pukllc  Sarvlca  Ca    al  t:«»  tlAspaklra  Karriuck 


Qlacara  Hshawk  PcMr  Car^ratta* 


HatropalltM  Cdlaaa  Ccapany 
Pautaylvaala  Elactrlc  Ccspaajr 


Paoaaylvanla  Pawar  Cov^aair 
P«Ra«yivanLa  Pavar  %  Ll|t>t  Ca 


Phlia4alphla  Elactrlc 


Dunkirk 

C  ■  Utotiair 


Chaavlck 

r.  Pttllllpa 
Portl«»l 
Shawlila 
UoMr  City 

iruMiar  tvlajKl 

SUiabucy 

Earataaa 


Ca«« 


Cddyitana 
HI  tc  hall 

Uat(lai4'a  Parry 


«11 
«27 
MO 
l.)19 

MO 


Ka41aoa 
Lavramcaburi 
Pataraburi 
t>i*»  Acraa 
Gary 

p«yMM 

Maw  Alk««y 
Tar^  Uauta 

mchlfaa 
Uaat  Ollva 
Miakagaa 
Caaaxvllla 

E.  Chlaa  Tw» 


Caatral  Illlnala  Ll|t>t  Co«paay 
Caatral  Illlsala  Public  Sarvlca 
Caaaacwaalth  Ulaaa  Cos^any 


Elactrlc  Enar|7«  locarparatail 
lUlaala  Pawar  Caapaay 

Unlan  Elactrlc  Co^aay 


InAlana-Kantuchr  Elactrlc  Carr 
Indiana  k  NlchlM"  Elactrlc  Caftpany 
Indlanapalla  Pa«<ar  k  Ll|ht  Caa;>any 
Kartharn  la41ana  Public  Sarvlca  Ca 


Public  Sarvlca  Ca    af  liv41« 


Canatwara  Pow<r  Caopany 
Datratt  Ulaan  Ca^any 


[ac 


B.O.  E(}«ar4a 

Caf  fa«a 

Jallat 

KUcal4 

Pawartan 

VaukatM 

Will  Caunty 

Jappa 

bI4itln 

Vaalca  12 


Cllfty  Craak 
Tanaara  Craak 
Patarabtiri 

billy 

D  II.  Hltchall 
Cayui* 
Calla^har 
Wakaah  llvar 


J  II.  Caapball 
O.C  Cabb 
D  E  Karn 


72i 
l.OM 

i.m 

1.119 
1.111 
f)) 
1.2b9 

1.100 
b2) 

100 


510 
017 


1» 
ItO 


i&a 

224 


Aahtabula 

Avtm  Uka 

Eaatlaka 

Clavaland 

CaaaavlUa 

^bardaaa 

Shayal4a 

Strattaa 

Drllilant 

pni  la 
Chaahlra 


Cincinnati  G«a  k  Elactrlc  Ca 
Claval«>4  elactrlc  tllualnatlni  Ca 


Calua!»ja  4  Sauthara  Elactrlc  Ca 
Daytan  Pawar  '  Llftht  Cavpany 
ahla  Ulaan  C««7any 


Oh  la  Powar  Caayany 


Ohio  Vallay  Elactrlc  Carparat Ian 
Tala4a  Ulaan  Caapany 


U  C     Oackjard  tl  'i 

U  C    Cack)ar4  lb 

Aahtabtiia 

A van  Laka 

Eaat laka 

L'ka  Shara 

Lonaavlll* 

J.N  Stuart 

i.e  eurt*r 

W.ll    Sawla  11-7 

Cardinal 

Miaklnfun 

Phlla 

Kyiar  Croak 
My  Shara 


MO 
1.27) 
1.2)7 


).)04 
1.711 
I.)  JO 


))^iacotialn 
Oak  Cra*b 
Part  Waahtniton 
Oak  Craak 

WI5T  Mnmi  ( orriiAL 


'Wlacanaln  Elactrlc  Pawar  Campany 


n    Oak  Craak 
Part  Waahlnitn 
Oak  Craak 


Slblay 
La  bad  la 

St  L«ula 


'tham  Staiaa  Pawar  Ca  (Hint 


Kanaaa  riiy  p«var  &  Lloht  Caav^.i; 
Mlaaaucl  Publlt^  Sarvlca  Caapany 
Unlan  Elactrlc  CaapanV 


Aaaaclata4  Elactrlc  CaaF«rat Iva 


Slblay 
LabaJtc 


)bl 
)i« 


17« 

1)1 


7ib 
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i>«n«rst  Ion 


;.«nsti=7t  Ion 
noon  trtnmj 


Ton 
Ctirned 


n  10 


1.  J42 

2.onfl 

2.  MO 


1.4*4 

10. 

a. '01 


1  .  701 

1. 1*-' 

1.B01 

n.<i' 

<)   4  4') 


2i  H 

24  01 

2'i  20 


21  n 

J  )  22 

2^  21 

2  k  ril 

2S  ^(1 

24  70 


2  10 
2  OT 
)  04 

1  M 

2  00 
2  10 

1  40 
2.04 

2  40 
2  21 

4  II 


I  .«(>0 
S.441 


20  ni 
lA  in 


1  21 

1  40 

2  14 


2  01 
2  1A 

<p         2  (M 


4.hb^ 

^.021 


10,  w* 

lO.hlfl 

i,in 

10.2*0 
10,2^2 
1.M1 


21  2(S 

:i  IS 

20  ni 


S  SI 

1  *? 

2  11 
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TAigLE  App.   13-Bl  (coht.) 


cfgTTB  truntc 

T«iM 


larcaw  Co«ocy 
no74  Cwntjr 


iorth  C4iroltc< 


M««t  ftr«twt« 


omuKi  uig  caju.  mo  Kya  rum,  im*'^ 


RsrlM  iTacsb 


tl  r  L*« 

tosboro 
JUbvllU 

Cuck 

ciirriUi 

DlvirtMitd 


D— ■jOlU 
rri*m 


LMtU 

■urgtB 


UlAtM 

a«iiatu 

utsr  ixrnn  comuu. 


Cixitb  Carol  lc«  llftcCrtc  4  Cmu  Cc«;^)P  Wat«7«« 


Okl*  7o«Mr  Ccapaoy 


Ccuthani  electric  G«i»rat  lag  Cm^mt 


Kncucky  Otllltl**  Camp*ny 


•1«  lltw*ri  U«cCt1c  C^ap.  C*rp. 


Cln  Lyii 


KAn«w^^  Uv«r 
nillllp  !!p«m 
Tort  KarCln 


Barry 
C*rK«* 

Cr*«ma  County 
I.C  C;aaCon 
C*lb«rt  A 
C«lk«rt  • 
Wlrfcvs  CrMk  A 
U14ova  Cr*«k  • 


•1|  Sandy 
I.W.  trown 
Piradlaa  A 
ParatJlaa  • 

ShawaM  t'-L 
Csleman 


Kul 1  Run 
Gallat  In 
Jahnaanvll la 
Klagatcn 
Jahn  S^vWr 


Capacity 


1,74» 


421 
401 

1  .Ota 

»  414 

t.lii 

740 

'01 


1 .6)1 
41* 

UIM 
1.1» 
711 


1.401 
1.1  to 
1.7)0 


»»0 
1.2}) 

1.700 
021 


Ccst  ta 

of 


Oallai  Yqif r  4  Llgbt  Comftmy 
fvSi\lc  2«r»lca  Caa^any  af  Calarada 


rai«la«ea« 

Glaa-ftKk 


yaratagtco 

Arlaeaa  public  SArvlca  Cc«paay 


Pacific  PciMT  4  Llybt  Covpaay 


Arliana  Public 
four  Camari  f4-) 


PtaaK*  «Ucb  la  1»72  (1)  darlvad  at  laait  »»X  af  tbalr  ITU  «nir|y  canauaptlon  frc  coal.  (2) 
poaaaaaarf  at  laait  iOOV  af  loatallad  capacity,  ind  (i>  coaatM^  it  laait  »00  OOO  torn  af  caal 
teurcai    Btaa»-Ilactrlc  flaat  fact  or  ■.  iWl  Cd .  {  1  . 

^  lUorcai    Sta«»-M»gtflc  Conitntctlan  Cait  aad  Acaual  Pradwtlan  EKpanaii.  1J72  Suppl—ant  ( 
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Coal 


Cut 
teat 


Ca«i  p«r 

Ten 


ll.lik 
1.72* 


i4  n 


2.1M 

i.)a3 

Q.Ot« 


10.094 
«.4kl 

n.)M 

lO.Qlk 
1P.2M 

lO.kUl 


l.ilD 

I .  rjifi 
I  ,4M 
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APPENDIX,  13-C 

TABLE  APP.13-C1 

NATIONAL  AIR  SURVEILLANCE 
NETWORKS 

URBAN  SULFATE  OBSERVATIONS 

ANNUAL  AVERAGE  SULFATE  CONCENTRATION,  yg/m 

Year 


ST at ion  1969  1970 

Bridgeport , Conn.  11.9  11.6 

Hartford, Conn.  12.1  13.9 

Nev;  Haven, Conn.  20  .0  20  .9 

v;aterbury,  Conn.  13.6  15.1 

Newark,   Del.  n.a.  '  13.0 

WilniiAgton,Del.  19.2  13.7 

Washington,   D.C.  13.9 

Baltimore,  Md.  13.9  19.8 

•Portland,  Maine  —  17.0 

Boston,  Mass.  15.3 

Fall  River,  Mass.  12.4  14.9 

Springfield, Mass.                 8.5  12.5 

Worchester,  Mass.  13.0  15.5 

Concord,   N.H.                         6.5  9.2 

Burlington  Co., N.J.  13.2  10.3 

Camden,  N.J.  22.0       *  17.2 

Elizabeth,  N.J.  11.'5  13.2 

Glassboro,  N.J.  13.4  ^  12.6 
Hamilton,  N,J.     .  9.9 

Jersey  City,  N.J.  12.1  14.5 

Nev;ark,  N.J.  11.2  11.8 

Paterson,  M.J.  12.7  12.7 

]terth  Amboy,  N.J.  13.3  9.9 

Trenton,  N.J.  12.8  15.0 

Albany,  N.Y.  9.4 

Buffalo,   N.Y.  11.4  16.9- 

New  York  City,  N.Y.»  19.1  22.2 
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Year 


Station  1969  -  1970 

Niagara  Falls, N.Y.  12.5  '  18.1 

Rochester,  N.Y.  14.1  14.9 

Syracuse,  N.Y.  16. 3  9.3 

Utica,  N.Y.  7.7  9.0 

Yonkers,  N.Y.  —  12.3 
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TABLE  APP,13-C2 (Cont ■ ) 
NASN  URBAN  SITES 
ANNUAL  AVERAGE  SULFATE  CONCENTRATION  pg/nT 


Station 

1969 

-  1970 

Canton, Ohio 

11.9 

16.7 

Cincinnati , Ohio 

15.1 

12.4 

Cleveland , Ohio 

15.9 

18.0 

Columbus ,  Ohio 

14.4 

— 

Dayton,  Ohio 

15.6 

11.  9 

Toledo,  Ohio 

10.2 

12.9 

Youngs town,  Ohio 

11.8 

16.8 

16.8 

20.4 

Altoona,  Pa.  ' 

10.2 

30.2 

Bethlehem,  Pa. 

11.2 

21.0 

Pr*  IP  Pa 
£i^xc,    IT  a  m 

15.6 

16 .  5 

Harrisburg,  Pa. 

10.2 

16.0 

Ha7pli"On  Pa 

9  .  9 

Johnstown,  Pa. 

15.  3 

16.9 

Philadelphia,  Pa. 

*"  " 

21.9 

P 1  1"  1"  ^hn  TCih  Pa 

17 .  9 

Reading,  Pa. 

18.6 

Scranton,  Pa. 

13.9 

Warminster,  Pa. 

10.9 

Wilkes-Barre ,  Pa. 

13.7 

York  r   Pa . 

14.3 

East  ProTiidence,  R.I. 

15.5 

12.0 

Providence,  R.I. 

^11.9 

12.  9 

Burlington,  Vt. 

10.9 

12.0 

Char!     ton,  Wes^  ^^a. 

25.8 

-      25.  0 

So.  Charleston,  West 

Va.  ~ 

15.5 

o 

Source:  Air  Quality 

Data  for 

Nonmetallic 

ganic     Ions,   1969  &  1970,  National  Air  Surveil 
lance  f^etv/orks,  APTD-1466,  U.S.  Environmental 
Protection  Agency,  June  1973. 
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APPENDIX  13-D 

COST  CALCULATIONS  FOR  ELECTRIC  POVJER  GENERATION 
WITH  AND  WITHOUT  FLUE  GAS  DESULFURIZATION 


Since  calculations  have  not  been  included 
elsewhere  in  the  report,  this  appendix  is  pro- 
vided to  give  a  detailed  basis  for  the  cost  of 
flue  gas  desulf urization  using  the  lime  scrub- 
bing process.^    These  costs  are  used  in  Table  13-5 
of  this  chapter,  in  the  Executive  Sunmiary,  and 
in  Part  Two  in  Brief.     The  calculations  assume 
the  use  of  coal  of  approximately  3  percent  sul- 
fur and  a  plant  of  moderate  size,  approximately 
600  MW.     Fixed  charges ,  including  amortization, 
of  17  percent  on  invested  capital  are  assumed  for 
new  investment,  and  fixed  charges  on  existing 
plant  capacity  are  computed  at  14  percent.  Other 
needed  assumptions  are  as  specified  in  Tables  13-1 
and  13-3.     All  numbers  are  rounded  to  the  nearest 
0.1  mill,  so  some  columns  do  not  sum  exactly. 
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TABLE  Ap^^.  13-bl 

Coat  Calculation  for*  New  Plant 


VJithout  flue  gas  deoulfurization: 


capital  cost:     $500/kv;  x  0.17  t  7000  hours  12.1  mills/kv;h 

fuel  cost:     heat  rate  of  8  ,982  3C  Sr/MT-l  BTU  8.9 

of  fuel  ^ 

other  operating  cooto:  .  ^ / 1     ...  . 

Coat  of  power  generation  v/ithout  scrubber  21.6  mllls/Jcv/n 

Added  coot  of  lime  ocrubbing  process: 

capital  cost:   $100/kv;  x  0.17  t  7000  hours  2.4  mills/kwh 

operating  cost:     labor,  chemicals,  etc.  0.5 

sludge  disposal  IzJ.        ,    „  . 

Subtotal  3.2  mills/kv/h 
energy  loss  of  6%  of  plant  output  needed 

for  scrubber  operation:  0*6 
capacity  derating  of  plant  resulting  from 

6%  loss  in  output  capacity:  0  * 

Subtotal  ]'l 

added  coot  of  lime  scrubbing  process  nalls/kv/h 

Cost  of  power  generation  with  |crubber:  26.2  mills/kv/h 


ERIC 
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TABLE  App.  13-D2 


Nev;  Plant:  Sensitivity  Calculations  on  Added 
Cost  from  Scrubber  ^ 


Lovj  case ; 

?60/kw;   0,15  mills/kv;h  for 

sludge  disposal  2.1  mills/kwh 

5%  energy  loss  and  capacity 
derating  1 , i 

Added  cost  of  scrubber,   low  case:        TT?  mills/kv;h 

^  . 

High  case:  ^ 

$130/kw;   1.0  mills/kwh  for 

sludge  disposal  4.7  mills/kwh 

7%  energy  loss  and  capacity 
derating  1 , 5 

Added  cost  of  scrubber,  high  case:       675"  mills/kwh 
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TABLE  App.  13-D3 

Coot  calculation  for  Retrofit  to  Existing  Plant,  i^ural  Location 


VJithout  flue  qas  desulfur  i  zation  : 

capital  cost  $250/kv/  x  0.14  t  6000  houra 
fuel  coots:     heat  rate  of  10  ,  342  x  $1/Mr.l  BTU 

of  fuel- 
Qther  operating  cooto 
Coot  of  power  generation  without  scrubber 

\ 

Added  cost  of  lime  scrubbing  proceos: 

capital  cost  of  $125/kw  x  0 . 17  t  6000  hours 
operating  cost:     labor,  chemicals,  etc. 
sludge  disposal 
Subtotal 

energy  loos,  6%  of  plant  output  needed  for 

scrubber  operation 
capacity  derating  of  6%   (replacement  at 

$500/kw,   17%  fixed  charge) 
Subtotal 

added  cost  of  lime  scrubbing  process 


5.8  millsAv/h 

10  .  3 
1.0 

TT72  raills/kwh 


3.5  millo/kwh 

0.6 

0.5 

T~S  millo/kv/h 
0.7 

0.8 

175 

6.1  mills/kv/h 


Cost  of  power  generation  with  scrubber: 


2  3.3  mills/kwh 
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TABLE  App.  13-D4 

coot  calculation  for  Retrofit  Inotallation,  Existing 
Oil  Burning  Plant  Reconvortdd  to  Coal,  urban  Locatioi 

Without  flue  gaa  deaulfurization : 

capital  coot  $250/kv;  x  0.14  ^  6000  houro 
convoroion  chargoo  of  $7/kv/  pluo  $4/kw 

for  particulate  removal  upgrade 
fuel  coot:     heat  rate  of  10,342  x  $l/m 

BTU  of  fuel  fV^^i 
other  operating  cooto 
Coot  of  power  generation  without  ocrubber 

.Added  coot  of  lime  ocrubbing  procGoo: 

capital  coot  of  $125/kw  x  0.17  *  6000  houro 
looo  credit  of  $4/kw  for  particulate 
upgrade 

operating  coot:     labor,  chemicalo,  etc 
oludgo  dispooal 

Subtotal 

energy  looo,   6%  of  plant  output  needed 

for  ocrubber  operation 
capacity  derating  of  6%   (replacement  at 

$500/kw,   17%  fixed  charge) 
Subtotal 

added  coot  of  lime  ocrubbing  process 

I 

Coot  of  power  generation  with  scrubber; 


on 


5,8  milla/kwh 

0.3 

10.3 
1.0 

FTTT  millo/kwh 


3.5  millo/kwh 

-  .1 
0.6 
0.9 

4.9  millo/kv/h^ 
0.7 
0.8 

6.4  millo/kwh 


2  3.9  mills/kwh 
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APPENDIX  13-E 


COMMENTS  ON  ESTIMATES  OF  MATERIAL  DAMAGE 


/ 


(Written  by  I.C.T.  Nisbet,  a  member  of 
the  Review  Committee  on  Air jQuality  and 
Power  Plant  Emissions.)  ^ 


In  their  discussion  of  daitfege  to  manrmade 
materials  attributable  to  sulfur  dioxide  and 
sulfates,  North  and  Merkhofer  (Chapter  l3)/re- 
lied  for  numerical  estimates  upon  the  review  by 
Waddell  1974.     The  following  comments  are  offered 
not  iri^riticism  of  the  work  of  Waddell,  North  and 
Merkhofe>>  who  used  the  best  data  available,  but 
to  point  out  that  the  available  data  are  severely 
limited  and  that  Waddell 's  estimates  of  damage 
may  be  very  conservative.  / 

Waddell   (1974,  pp.   90-91,  128-130)  estimated 
/  that  the  total  damage  caused  by  sulfur  oxides  to 
material  property  in  1970  was  about  $600  million 
(with  a  possible  range  Of  $400-800  million) . 
ihis  estimate  was\based  primarily  on  sjtudies  by 
.  Gillette   (1973)   of  damage  to  galvanized  and  ^ 
painted  steels,  by  Spence  and  Haynie   (1972)  of 
damage  to  other  painted  surfaces,  and  by  Salmon 
(1970)   of  damage  to  npn-ferifous  metals  and  mis- 
cellaneous materials. 


DAMAGE  TO  GALVANIZED  AND  PAINTED  STEELS 

Gillette 's^,  (1973)   estimates  were  based  on 
the  assumption  that  corrosion  ifetes  are  propor- 
tional to  average  ambie'nt  ^concentrations  of  sul- 
fur dioxide,  and  in  the  case  oi  galvanized  steels 
are  also  dependent  on  the  relative  humidity . 
Accordingly  Gillette  deduced  tli^at  most  of  the 
damage  to  these  materials  was  taking  place  iri 
'   urbanized  regions  of  the  northeastern  and  north- 
central  states,  and  that  damage  has  been  decreas- 
ing rapidly  as  ambient  sulfur  dioxide  levels 
have  been  reduced.     His  estimates  of  total  annual 
damage  in  the  United  States  fell  from  $909  million 
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in  1968  to  $397  million  in  1970  and  to  $75  mil- 
lion in  1972    (Gillette  1973,  Table  IV). 

However,  it  is  probable  that  some  of  the 
damage  should  be  attributed  to  acid  sulfate  par- 
ticulates and/or  to  sulfuric  acid  in  rain.  As 
pointed  out  by  Gillete  himself   (1973,  p.  4),  the 
agent  primalrily  responsible  for  damage  is  proba- 
bly sulfuric  acid,  either  formed  by  oxidation 
in  situ  after  absorption  of  sulfur  dioxide  onto 
moist  surfaces,  or  deposited  in  acid  particulates 
or  acid  precipitation.     If  even  half  of  the  damage 
were  attributable  to  sulfate  particulates  or  acid 
rain,  Gillette's  deduction  of  a  drastic  decrease 
in  damage  between  1968  and  1972  would  be  incorrect 
and  his  estimate  for  1970  would  be  too  low.  More- 
over if  acid  rain  were  a  significant  cause  of 
corrosion,  s-igtiif icant  damage  would  also  be  pre^ 
dieted  to  occur  to  rural,  areas  and  in  smaller 
towns,  where  Gillette's  damage  function  predicts 
negligible  damage  because  of  low  ambient  sulfur 
dioxide  levels. 

It  should  be  noted  also  that  Gillette's  es- 
timate of  about  $300  million  for  total  damage  to 
galvanized  materials  in  the  U.S.  in  1970  is  much 
lower  than  estimates  made  independently  by 
Salmon   (1970:     $778  million)   and  by  Fir\k  et  al. 
(1972:     $1,350  million).     A  study  in  Sweden  (Bolin 
et  al;  ^971)   gave  rise  to  estimates  more  similar 
ta  those  of  (Gillette  ~  about  $16  million  per^ 
year,  or  $2  per  capita  —  for  galvanized  steel. 
However,  the  Swedish  study  yielded  estimates  of 
damage  to  .painted  steels  substantially  larger 
than  those  derived  by  Gillette  —  about  $2  5  per 
capita  annually  .in.  Sweden,  of  which  roughly  10 
percent  was  attributable  to  sulfur  oxides  (Bolin 
et  al.  1971:     Tables  4.7  and  7.4),  versus  Gillette' 
estimate  of  $0.8  8  per  capita  for  the  U.S. 

^    DAMAGE  TO  OTHER  PAINTED  MATERIALS 

Waddell   (1974,  p.   128)   used  a  figure  of 
$200  million  for  damage  caused  by  air  pollutants 
to  other  painted  materials,  based  on  a  study  by 
Spehce  and  Haynie   (1972).     However,  Spence  and 
Haynie  Actually  estimated  total  losses  as  $700 
million,  of  which  $540  million  was  attributable 
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to  deterioration  of  household  exterior  paints 
(Waddell  1973,  Table  14).     Hence  Waddell  appears 
to  have  overcorrected  for  overlap  between  this 
and  Gillette^s  study,  which  considered  only 
painted  metal  surfaces. 

Moreover,  Spence  and  Haynie's  estimates  of  * 
damage  appear  to  be  based  on  very  low  figures  for 
the  total  value  of  paintwork  at  risk  from  air 
pollution.     Their  table  indicates  that  the  total 
in-place  value  of  exterior  paints  in  the  cate- 
gories considered   (including  the  labor  value  of 
painting)  was  only  $2.5  billion,  of  which  house- 
hold exterior  paints  accounted  for  only  $i-5 
billion.     This  contrasts  with  a  figure  of  $23.9 
billion  used  by  Salnuon   (1970)   for  the  in-place 
value  of  exposed  paints  in  the  United  States,  and 
a  figure  of  $2^.a^illion  for  the  total  expendi- 
ture of  residential  property  owners  on  mainten- 
ance painting  in  1972  alone    (Stat.  Abstract  U.S. 
1973) 

in  addition,  Wadplell's  attribution  of  half 
the  total  damage  t(?rsulfur  oxides  and  half  to  ■ 
particulates  appears  somewhat  arbitrary.  Apart 
from  soiling  and  staining,  most  particulate 
matter  v/ould  not  be  expected  to  damage  paint, 
except  insofar  as  it  retains  materials  such  as 
acid  sulfates  and  nitric  acid  and  thereby  helps 
to  maintain  their  contact  with  painted  surfaces. 

Waddell -s  final  estimate  of  $100  million  for 
the  total  amount  of  damage  caused  by  sulfur  oxides 
to  painted  surfaces  corresponds  to  costs  of 
more  than  $0.80  per  capita  per  year,  even  if  all 
the  damage  is  supposed  to  occur  in  the  north- 
eastern states.     This  is  less  than  the  estimates 
derived  from  the  Swedish  study,  in  which  the 
total  cost  of  deterioration  of  painted  ^woodwork 
was  estimated  as  $23  per  capita  in  1970,  of  which 
at  least  10  percent  was  associated  with  exposure 
.  to  sulfur  oxides    (Bolin  et  al.  1971:     Tables  4.6 
and  7.4)  .  o 

DAMAGE  TO  NON-FERROUS  METALS 

Based  on  the  study  by  Salmon   (1970)  ,  Waddell 
(1974  ,-  pp.  90-91)   adopted  a  figure  of  $400  million 
for  the  cost  of  air  pollution  damage  to  other 
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materials,  primarily  non-ferrous  metals.  Of 
this,  he  ascribed  one-quarter  to  sulfur  oxides, 
one  quarter  to  particulates,  and  one-half  to 
oxidants   (Waddell  1974,  pp.  128-130).     This  di- 
vision appears  questionable  because  others  have 
attributed  accelerated  corrosion  of  metals  pri- 
marily to  sulfur  oxides  and  acids   (Salmon  1970, 
Bolin  et  al.   1971).     Moreover  V7addell  excluded 
damage  to^ copper ,  which  is  classically  associ- 
ated with'' air  pollution. 


DAMAGE  TO  AUTOMOBILES 

None  of  the  studies  cited  above  explicitly 
considered  damage  to  motor  vehicles,  except  that 
Spence  and  Haynie   (1972)   included  a  figure  of 
$88  million  per  year  for  the  excess  cost  of  re- 
painting automobiles.     However,  it  is  questionable 
that  the  cost  of  repainting  is  an  adequate  measure 
of  the  economic  damage  caused  by  accelerated 
corrosion.     The  resale  value  of  automobiles  is 
substantially  influenced  by  exterior  appearance, 
§o  that  accelerated  deterioation  of  paint  or  metal- 
plated  trim  contributes  disproportionally  to  de- 
preciation.    The  number  of  motor  vehicles  in  the 
area  most  exposed  to  sulfur  oxides  and  acid  rain 
(the  northeastern  U.S.  and  southeastern  Canada) 
is  in  excess  of  60  million;  their  current  value 
is  greater  than  $75  billion,  and  rates  of  depre- 
ciation are  of  the  order  of  20-30  percent  annually 
If  air  pollution  caused  even  1  percent  of  the 
depreciation  in  value,  this  would  represent'  a 
substantial  economici  cost  not  included  in  the 
other  surveys.  ^ 


SUMMARIZING  COMMENTS 

The  above  discussion  illustrates  the  large 
uncertainties  involved  in  making  estimates  of* 
economic  damage  caused  by  air  pollution  from  che 
very  limited  data  available.     Waddell 's  estimate 
of  total  damage,  although  based  on  a  thorough  and 
comprehensive  review,  is  among  the  lowest  of  a 
rajige  that  could  be  obtained  from  the  same  data; 
an  independent  review  suggests  that  a  figure  4 
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or  5  times  higher  would  be  more  consistent  with 
the  original  sources.     The  uncertainty  is  further 
compounded  by  our  lack  of  knowledge  of  exposure- 
response  relationships /  and  of  the  relative  im-  , 
portance-of  sulfur  dioxide,  suspended  acid  sul- 
fates /and  acid  precipitation.     Clearly  this  is 
another  area  in  v/hich  the  value  of  resolving  un- 
certainties v;ould  exceed  the  cost  of  the  research 
require^'^o  do  so. 

DAMAGE  TO  WORKS  OF  ART  AND  HISTORIC  BUILDINGS  . 

Sulfur  oxides  and  acid  rain  also  cause  damage 
to  works  of  art,  historic  buildings  and  monuments. 
The  damage  is  almost' impossible  to  assess  in 
economic  terms  because  such  objects  have  historic 
or  artistic  value  far  greater  than  the  cost  of 
replacement;  many  historic  objects  have  i>o  market 
value  at  all.''    Information  supplied  by  curators 
of  museums  and  buildings  suggests  that  the  materi- 
als at  greatest  risk  are  paper   (rare  books,  manu- 
scripts,  and  prints),  building  stone  (limestone 
and  marble),  and  outdoor  sculptures    (bronze,  steel, 
and  stone) .     Although  it  is  possible  in  principle 
to  alleviate  damage  by  protective  measures —  such 
as  air-conditioning,  cleaning  and  restoration, 
or  protective  coatings  —  in  practice  insuffici^;^ 
money  is  available  for  such  measures  and  many  ^ 
important  buildings,  monuments/   and  collections 
are  unprotected.     Unless  a  method  can  be  devised 
'  to  finance  the  restoration  and  preservation  of 
these  historic  and  cultural  objects,  iricreased 
emissions  of  sulfur  oxides  are  likely  to  speed 
their  deterioration,     ^'heir  loss  should  be  re- 
graded  as  a  major  intangible  cost  of  sulfur  oxide 
emissions,  to  be  weighed  in  conjunction  with  the 
more  tangible  costs  and  benefits. 
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APPENDIX  13-F 
INCOME  REDISTRIBUTION  AND  EQUITY-"- 


As  noted  briefly  by  North  and  Merkhofer 
(See  Chapter  13),   the  assessment  of  alternative 
strategies  for  pollution  control  may  need  to 
address  issues  of  equity  and  distribution.  The 
burden  imposed     by  pollution  falls  unequally  on 
individuals  within  society,  and  the  various 
strategies  under  consideration  would  redistribute 
this  burden  in  'different  ways-     Some  —  although 
not  all  —  of  these  redistributional  effects  can 
be  predicted,"  and  should  be  taken  into  account  in 
choosing  betv/een  the  alternative  strategies:  If 
the  strategy  which  is  identified  as  socially  op- 
timal   (on  the  basis  of  a  comparis0ti  between  total 
costs  and  total  benefits  to  society)  involves 
predictable  adverse  effects  on^  identifiable  indivi- 
duals or  groups  within  the  population,   some  compen- 
satory actions  may  be  de^irable"^.  Alternatively, 
it  may  be  justified  to  choose  a  strategy  which  is 
less  than  socially  optimal  in  the  strict  economic 
sense,   in  order  to  minimize  ^^cial  inequities. 
Such  questions  of  social  policy  are  outside  the 
purview  of  ^^l^his  committee,   but  it  ia  nevertheless 
important  to  point- out  what  is  known  about  re- 
distributional effects- 

The  adverse  effects  of  sulfur  oxides  on  human 
health  are  expected  to  fall  primarily  on  residents 
of  urban  areas  in  the  northeast,  where  the  highest 
ambient  concentratipns  of  both  sulfur  dioxide  and 
suspended  sulfates  are  found   (Chapters  1-4,  6). 
Similarly,   the  costs  imposed  by  damage  to  materials 
are  believed  to  fall  primarily  on  property  owners 
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in  northeastern  cities    (Appendix  Chapter     13-E) . 
Except  for  localized  damage  to  vegetation  close 
to  some  point  sources,  effects  in  rural  areas 
appear  to  be  generally  smaller.     However,  the 
exact  magnitude  of  the  urban-rural  difference  in 
impact  is  difficult  to  specify,  because  of  our 
lacJc  of  knov/ledge  of  exposure-response  relations. 
For  example,   if  the  threshold  level  for  health 
effects  of  suspended  sulfates  is  lov;  or  zero, 
substantial  effects  might  be  occurring  in  rural 
areas  of  the  northeast  v/here  ambient  concentrations 
of  sulfates  are  moderately  high   (Chapter  6) . 
Similarly,   if  a  substantial  fraction  of  the  damage 
to  materials  is  caused  by  acid  rain,   it  v/ould  be 
taking  place  in  rural  areas  as  well  as  in  cities 
(Chapter  7) . 

It  is  not  clear  v/hether  this  costs  of  pollu- 
tion v;ould  fall  disproportionately  on  different 
income  groups.     To  the  extent  that  health  and 
material  damage  effects  fall  on  residents  of  cities, 
they  might  fall  disproportionately  on  the  poor. 
Also,  many  of  the  health  effects  fall  on  individu- 
als v;ho  are  old  or  chronically  sick.     Hov/ever , 
these  differentials  are  offset  by  the  facts  that 
suburban  residents  are  also  exposed  to  high  pollu- 
tion levels  in  some  areas,   and  that  the  rural  poor 
are  relatively  unaffected.     More  information  is 
required  to  resolve  this  question- 
In  addition  to  the  urban-rural  differences 
in  impact  discussed  above,  there  are  probably  major 
regional  inequities.     Chapters  6  and  7  show  that 
sulfur  oxides  emitted  in  the  east-central  and  mid- 
v/estern  states  contribute  significantly  to  airborne 
sulfate  particulates  and  acid  rain  in  the  north- 
eastern states.     A  special  case  of  this  regional 
distribution  problem  is  the  likely  impact  of  U.S. 
emissions  on  eastern  Canada.     The  urbanized  region 
betv/een  Windsor  and  Montreal  lies  downwind  from 
major  emitting  areas  in  the  north-central  U.S.; 
it  is  probable  that  the  high  concentrations  of 
sulfates  in  rain  in  this  region  of  Canada  are 
attributable  in  large  part  to  U.S.  emissions, 
since  Canadian 'emissions  are  comparatively  modest 
(v/ith  the  exception  of  the  Sudbury  smelting  com- 
plex well  to  the  northv;est)    (See  Chapter  7)  . 
Likewise  the  prospective  impact  of  acid  rain  on 
forestry  v;ould  be  most  likely  to  be  economically 
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Significant  in  eastern  Canada  (Chapter  5), 

A  general  increase  in  sulfur  oxide  emissions 
(as  would  accur  if  a  Tall  Stack-Intermittent  Control 
strategy  v/ere  v/idely  adopted)     is  expected  to  lead 
to  a  general  increase  in  ambient  concentrations  of 
sulfur  dioxide  and  suspended  sulfates   ,  and  an 
increase  in  impacts  in  rural  areas.  Hov/ever, 
the  models  in  Appendix  A  to  Chapter  13  indicate 
that  the  highest  concentrations  of  suspended  sul- 
fates would  continue  to  occur  in  urban  areas,  even 
if  emissions  upwind  v/ere  confined  to  rural  sites. 
Accordingly  the  urban-rural  difference  in  impacts 
would  probably  be  maintained  without  major  change. 
The  regional  differences  would  probably  be  main- 
tained similarly. 

Under  an  emission  control  strategy   (lov;  sul- 
fur fuels  and/or  flue  gas  desulf urination)  the 
increase  in  total  exposure  to  sulfur  oxides  afi^" 
sulfates  v/ould  be  limited,  and  ultimatly  cdversed 
if  the  policy  v/ere  sufficiently  v/idely  implemented. 
The  immediate  effect  v/ould  be  to  pass  on/the  cost 
of  emission  control  to  consumers  in  the  form  of 
higher  prices.     This  v/ould  help  to  offset  the 
existing  regional  inequities,  because  consumers 
in  the  central  states  and  in  rural  and  suburban 
areas  in  the  northeast  v/ould  be  assuming  part  of 
the  social  cost  of  generating  their  pov/er  that 
v/ould  otheirv/ise  be  borne  by  residents  in  cities 
downwind.     However,  it  v/ould  probably  have  a 
regressive  income  distributional  effect,  because 
the  poor  spend  a  higher  fraction  of  their  incom^ 
on  electricity  than  the  v/ealthy   (Ford  Foundation 
1974),  and  so  v/ould  be  affected  disproportionately 
by  higher  prices. 

The  distributional  effects  of  the  adoption 
of  marginal  cost  pricing  for  electricity  also 
(3         need  to  be  considered.     To  the  extent  that  it  would 
lead  immediately  to  higher  prices,  its  effects 
are  expected  to  be  regressive,  as  discussed  in  the 
previous  paragraph.     Hov/ever,  this  would  be  offset 
if  the  pricing  policy  involved  reduction  of  the 
higher  rate  for  -the  initial  amount  of  electricity 
used,  as  might  be  justified  on  the  grounds  that 
demand  for  electricity  in  that  sector  of  the 
market  is  inelastic.  Peak  load  pricing   (or  time- 
of-day  metering)  might  also  offer  advantages  to 
poorer  individuals,  because  it  permits  cost  savings 
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bv  those  with  sufficient  incentive  to  do  so. 

TO  summarize,  an  increase  in  emissions  would 
lead  to  an  increase  in  external  impacts,  probably 
without  major  change  in  the  pattern  of  inequities. 
Adoption  of  an  emission  control  strategy  wo"ld 
relieve  existing  urban-rural,  regional,  and  inter- 
national inequities.     However,   it  would  probably 
have  a  regressive  income  distributional  effect, 
unless  accompanied  by  a  pricing  policy  designed 
to  reflect  price  elasticity  of  demand. 
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P^<T  TFIKEE 
CONTROL  OF  NITROGEN  OXIDES 
FRON\STATIONARY  SOURCES 


Part  Three  was  prepared  under  the  direction 
of  the  Commission  on  Natural  Resources  of  the 
National  Research  Council.     The  discussions  of 
nitrogen  oxide  sources  in  Chapter  14  and  of  tall 
stacks  and  intermittent  control  for  nitrogen 
oxides  in  Chapter  IS  are'baSed  on  analyses  by 
John  Spengler,  Anthony  Cortese,   and  Douglas 
Dockery  of  the  Harvard  School  of  Public  Health. 
The  examination  of  control  techniques  in 
Chapter  15  is  based  on  the  work  of  Adel  Sarofim  ' 
and  Richard  Flagan  of  the  Massachusetts  Institute 
of  Technology. 
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CHAPTER  14 


NITROGEN  OXIDE  EMISSIONg  AND  THEIR  DISTRIBUTORS 


Nitrogen,   the  most  abundanvt  gas  in  the  at- 
mosphere,  is  found  in  a  variety  of  gaseous  and 
particulate  forms.     The  overv/helming  amount  in 
air   (79  percent  of  air  by  volume  or  4.6  x  10^2 
tons)   is  present  as  relatively  inert  nitrogen 
gas,  N^-^    Hov/eVer,  the  oxidation  of  nitrogen  by 
bacteria,  lightning,  organic  protein  decay,  and 
high  temperature  combustion  and  chemical  process- 
ing causes  the  appearance  of  nitrogen  in  a  vari- 
ety of  compounds.     The  most  important,  because 
of  health  effects  and  reactivity,  are:  NO 
(nitric  oxide) ,  NO2   (nitrogen  dioxide) ,  NH3 
(ammonia)  and  to  a  lesser  exten-t  N2O  (nitrous 
oxide) . 


Nitrous  Oxide  (N2O) 

Nitrous  cb|ide,  a  colorless  and  odorless 


gas,  has  been  used  as  an  anesthetic  (lauQ^ing 
gas)  .     It  is  present  in  t.he  atmosphere  in'con- 
centrations  averaging  about  0.25  ppm  (Junge 
1963,   Bates  -and  Hays  1967).     There  are  no  di- 
rect pollutant  sources  of  N2O,  although  it  may 
be  an  indirect  and  minor  product  of  NO^  photo- 
lysis with  sunlight  and  hydrocarbons.     The  in- 
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terest  in  N9O  is  not  in  the  tropospheijel  (ground 
level  to  8-15  km)   v;here  it  is  practically  inert, 
but  in  photodissociation  reactions  in  the  stra- 
tosphere.    Bates  and  Hays    (1967)    indicate  that 
the  dissociation  of  NpO  into  NO  and  atomic  ni- 
trogen accounts  for  about  2  0  percent  of  the 
dissociation  in, the  stratosphere .     The  NO  thus 
formed  provides  an  important  sink  reaction  for 
ozone . 


Ammonia  (NH^) 

As  an  industrial  emission,   ammonia  is  pro- 
duced mainly  from  coal  and  oil  combustion  but 
natural  production  from  biological  generation 
over  land  and  ocean  is  many  times  greater  than 
that  from  anthropogenic  sources    (250  to  1). 
NH3*s  importance  is  the  significant  role  it 
p.lays  in  atmospheric  reactions  in  both  the  ni- 
trogen and  sulfur  cycles.     Nearly  three-fourths 
of  the  NH^   is  converted  to  ammonixim  ion  condens- 
ed in  droplets  or  particles. v    These  aerosols 
are  then  subject  to  the  physical  removal  mechan- 
isms of  coagulation,  v/ashout,   rainout  and  dry 
15'  deposition. 

In  general,  ambient  background  concentra- 
tions of  NH^  vary  directly  with  the  intensity 
of  biological  activity.     The  highest  concentra- 
tions occur  in^  the  summer  and  in  the  tropical 
latitudes.     Concentrations,   as  reported  by  many 
investigators,   range  from  1  to  10  ppb  (Strauss 
1972)  . 

Nitric  Oxide-Nitrogen  Dioxide 

NO,   a  colorless ,  odorless  gas ,   is  formed 
naturally  from  the  nitrates  in  various  materi- 
als by  bacteria  and  then  is  oxidized  to  NO^ 
(Peterson  1956) . 

Altschuller    (1958)   and  others  have  report- 
ed very  hazardous  conditions  for  farm  workers 
near  closed  silos  where  NO  -  NO2  bacterial  pro- 
duction has  resulted  in  toxic  concentrations  of 
several  hundred  ppm  of  NO^. 

Organic  nitrogen  compounds  are  found  in 
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coal  and  oil  in  concentrations  of  a  few  tenths 
to  a  few  percent  by  weight.     Bituminous  thecal 
contains  1-2  percent  nitrogen,   and  United  States 
crude  oil  approximately  0.05-0.5  percent  nitro- 
gen  (Damski  et  al.  1973). 

Natural  gas,   while  containing  up  to  4  per- 
cent nitrogen  gas,  does  not  contain  any  signi- 
ficant organic  nitrogen    (Perry  et  al.  1963). 
Because  organ ic  nitrogen  compounds  have  rela- 
tively high  molecular  weights,   they  tend  to  be 
concentrated  in  the  residual  and  heavy  oil  frac- 
tions during  distillation. 

Nitrogen  oxides  are  produced  during  combus- 
tion by  the  oxidation  of  organic  nitrogen  com- 
pounds in  fossil  fuels  and  by  the  thermal  fixa- 
tion of  atmospheric  nitrogen  gas,  Nf, 

The  primary  sources  of  NO  and  NOt  as  pol- 
lutants are  combustion  processes  in  which  temp- 
eratures are  high  enough  to  fix  N  in  the  air 
and  fuel,   and  in  which  the  quenching  of  combus- 
tion is  rapid -"enough  to    .educe  decomposition 
back  to  N2  and  O2.*     The  predominant  product  of 
this  high  temperature  combustion  is  NO.  During 
combustion,   approximately  5-40  percent  of  the 
nitrogen  in  coal,   and  20  to  100  percent  of  the 
nitrogen  in  oil  is  oxidized  to  nitrogen  oxides 
(see  Chapter  15)  . 

NO   is  subsequently  oxidized  to  NO^  either 
in  the  stack  gas  or,   to  a  lesser  extent,    in  the 
diluted  plume.     Once  the  NO  has  been  diluted  to 
1  ppm   (1230   ug/m-^)   or  less,   the  direct^  reactions 
with  O2  do  not  contribute  significantly  to  NQ2 
formation    (USEPA  1971)  .     However,   the  reaction 
of  NO  with  tropospheric  ambient  concentrations 
of  0^    (ozone)    to  form  NO2  is  rapid.      It  is  be- 
lieved that  the  almost  everpresent  background 
concentrations  of  0^  will  yield  NO2  predomin- 
ance over  NO ,   although  some  researchers  have 
reported  higher  Ng  than  NO2  concentrations  in 
remote  areas    (Lodge  and  Pate  1960 ,    Ripper ton 
et  al.    1970) . 

NO2   is  removed  from  the  atmosphere  either 
by  further  O3  oxidation  to  a  nitrous  salt  or 
by  the  more  favored  conversion  to  HNO3   in  the 
presence  ot  water  vapor.     The  HNO^   is  then 
rapidly  removed  by  reactions  witn  NH^  and  ab- 
sorption by  hygroscopic  particles    (Strauss  1972) . 
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Nitrogen  Oxides 


Global  Emissions 

To  estimate  the  total  annual  emission  of 
oxides  of  nitrogen    (NOx)  /  emission  factors  have 
been  applied  to  the  fuel  usage'  of  several 


sources    (Robinson  and  Robbins  1968)  .  According 
to  Robinson  and  Robbins,   the  annual  production 
in  1967  v/as  about  53  x  10^  tons  with  coal  com- 
bustion contributing  the  majority,   51  percent, 
follov/ed  by  petroleum  production  and  combustion 
contributing  41  percent.     Natural  gas  combustion 
on  a  world-vjide  basis  is  comparatively  less  im- 
portant   (4  percent) ;     However,   it  should  be 
noted  that  on  a  local  or  regional  basis,  it 
could  be  the  major  source  of  NOx.      (It  should 
also  be  noted  that  these  figures  include  com- 
bustion sources  only  since  careTul  surveys  of 
industrial  process  losses  had  not  been  under- 
taken at  the  time  these  estimates  were  prepared.) 
See  Table  14-1. 


National  Emissions 

Anthropogenic  sources   in  the  United  States\ 
produce  nearly  50  percent  of  the  world's  NOx 
emissions    (USEPA  1971)  .     While  emissions  from 
human  activities  amount  to  far  less  than'  the 
estiaiated  50  x  10^  .tons  of  NOx  emitted  annually 
from  natural  sources    (USEPA  1971)  ,   the  spatial 
concentration  of  emissions  in  urban  areas  leads 
to  concentrations  of  NOx  10  to  100  times  higher 
than  those  in  non-urban  atmospheres . 

Fuel  combustion  is  the  major  cause  of  an- 
thropogenic NOx  emissions   in  the  United  States 
(See  Figure  14-12).     In  1972,   coal,   oil,  natu- 
ral gas  and  mo tor- vehicle  fuel  combustion  con- 
tributed over  86  percent  of  the  estimated  24.6 
million  tons  of  NOk  emitfced  in  the  United  States. 
Stationary  area  and  point  sources  account  for 
approximately  64  percent  of  all  the  NOx.  Direct 
stationary  fuel  combustion  is  the  largest  source 
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TABLE  14-1 


VJorld-VJide  Urban  EmiEJsionG  of  Nitrogen  Dioxide 


FugI 


TOTAL 


COAL 


Source 


Power  Generation 

Industrial 

Domes  1 1  c/Conuner c  1  a  1 


NO;?  Emiss  ions 
^10"o  Tons) 


52,9 


PETROLEUM 


Re  fi  inery 
Gano line 
Kerosene 
Fuel  Oil 
Residual 


Product  ion 


Oil 


NATURAL  GAS 


OTHER 


Power  Generation 

Indus  tr 1  a  1 

Domes  t  ic/Commercia 1 


Incinerat  ion 
I'Jood 

Forest  Fires 


12.2 
13.7 
1.0 


0.  7 
7.5 
1  .  3 
3.6 
9.2 


,0.6 
1  .  1 
0'.  4 


0.5 
0.  3 
0.5 


^  Total       Sub  % 


100 

51 

23 
26 
2 

41 

1 

14 
2 
7 

17 


100 

47 
52 
3 

100 

3 
34 

6 
16 
41 

100 

25 
50 
25 


Source:  Modified  from  Robinson  and  Robbins  (1968), 
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category  (49.7  percent)  with  coal  as  the  single 
largest  contributor  of  NOx  in  this  group. 

Gasoline  pov/ered  vehicles  are  the  over- 
whelming source  of  transportation-related  NOx 
contributinq   32  percent  of  all  NOx  and  82  per- 
cent of  the  transportation  NOx. 

Significant  quantities  of  NOx  are 
•emitted  from  industrial  processes,  primarily 
the  manufacturing  and  use  of  nitric  acid 
and  refining  of  petroleum.     On-  a  local  scal'e, 
electroplating,   engraving,  welding ,   and  metal 
cleaning  are  responsible  for  industrial  NOx 
emissions  which  may  also  be  significant.  In 
1972,    industrial  process   losses  accounted  for 
2.9  million  tons  of  NOx,  or  11.7  percent  of 
total  nationwide  emissions. 

Overall,   about  77  percent  of  the  total  NOx 
emissions  occur   in  highly  populated  areas. 
Eighty  percent  of  stationary  source  emissions 
occur  in  [copulated  areas  as  do  71  percent  of 
motor  vehicle  emissions. 

The   1972  NOx  emissions   for  the  Nation  v/ill 
be  defined  in  greater  detail   in  the  following 
section . 

There  has  been  a  steady  growth  of  NOx  na- 
tionwide emissions.  The  decade  of  the  sixties 
witnessed  a  greater  increase  in  emissions  than 
the  previous  two  decades    (see  Table  14-2) . 

TABLE  14-2 


NITROGEN  OXIDES:      Estimated  Total  Nationwide 
Emissions    (106tons)    (USEPA  1974) 

1940         1950         1960  1970 

6.5  8.8         11.4  22.1 

Over  the  past  three  decades,   total  nationwide 
emissions  are  estimated  to  have  quadrupled. 
During  this  period,   emissions   from  motor  ve-  ' 
hides  have  increased  at  a  steady  rate  of  4.6 
to  4.9  percent  per  year.     Emissions   from  sta- 
tionary sources,   however,   have  contributed  pro- 
gressively increasing  proportions.     Total  NOx 
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emissions  from  power  plants  have  increased  at 
an  annual  rate  of  6.9  to  7.4  percent. 


Nitrogen  Oxide  Concentrations 

Controversy  and  uncertainty  about  NOx 
measurement  methods  have  made  reliable  urban 
NO  and  NO2  concentration  data  almost  as  scarce 
as  the  remote  area  data.     Global  remote  measure- 
ments shov/  NO2  variations  with  growing  season, 
latitude,   and  altitude.     Lodge  and  Pate  (1966) 
reported  average  dry  season  values  of  0.9  ppb 
and  v;et  season  values  at  3.6  ppb  NO2   in  Panama. 
Junge  reported  in  1966  measured  NO  concentra- 
tions averaging  0.9  ppb  in  Florida^and  1.3  ppb 
at  10,000   foot  high  Mauna  Kea ,   Hawaii  (Junge 
1956)  .     In  the  continental  U.S. ,   several  in- 
vestigators  found  NO^  values   in  the  4  ppb  range 
and  NO  concentrations  "about  50  percent  lower 
at  2  ppb    (Hamilton  et  al.    1968,   Ripperton  et  al . 
1970)  . 

Based  upon  the  estimated  global  background 
levels  and  the. annual  emissions  rates,   the  aver- 
age residence  time  of  NO^   in  the  atmosphere  is 
about  3  days  and  that  of  NO  is  about  4  days. 
Residence  times  of  atmospheric  pollutants  re- 
flect the  action  of  natural  scavenging  processes 
including  photochemical  reactions.     Figure  14-1 
provides  a  flow  diagram  summary  of  the  atmos- 
pheric NO-NO2  cycle. 

The  spatial  and  temporal  variations   in  am- 
bient NO2  concentrations  are  great.     Not  sur- 
prisingly,  the  highest  concentrations  are  found 
in  urban  regions .     Measurements  of  NO2  have  been 
taken  since  1961  through  the  CAMP  and  SCAN  pro- 
grams of  EPA    (formerly  NAPCA) .     However,  there 
is  now  considerable  uncertainty  regarding  am- 
bient levels  and  trends   for  NOx.     Although  an 
EPA  Study  of  CAMP  data  for   5  cities  reported 
slight  increases   in  ambient  NOx  for  1962-1971, 
the  data  were  obtained  by  the  Jacobs-Hochhe iser 
method  for  NOx  analysis,  which  has  been  shown 
to  overestimate  ambient  NOx  levels  at  low  con- 
centrations   (CEQ  1975).     Thus,   these  NOx  data 
must  be  viewed  with  caution.      (See  Appendix  14-B) . 
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WET  REMOVAL  OF  NITRATE  SALT  PARTICLES 


Condonjxitjon,  In-cloud  scavi 
Washout 
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FIGURE  14-1:  Nitrogen  Oxide  Cycle  in  the 
Atmosphere   (10^  Tons/Year) . 
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The  National  Air  Surveillance  Network (NASN) 
program  for  measuring  NOx  by  a  modified  Jacobs- 
Hochheiser  method  was  started  in  1972  and  it 
will  be  several  years  before  the  program  can 
provide  useful  trend  data  on  ambient  NOx  levels. 

EPA  has  suspended  all  Air  Quality  Control 
Regions  priority  classifications  based  on  NOx. 
However,   regions  where  the  standards  for  NO^ 
are  believed  to  be  exceeded  are  Los  Angeles, 
Chicago,   and  Baltimore,   and  possible,   Kfew  York- 
New  Jersey-Connecticut,   Salt  Lake  City,  and 
Denver . 

In  spite  of  the  uncertainties  in  the  ab- 
solute values,   there  are  NOx  data  available  t.o 
indicate  the  general  yearly  trends  in  a  few  ^ 
areas.     The  trends  in  CAMP  observatiorls  of  ni~ 
trogen  dioxide  are  provided  in  Table  14-3.  With 
the  exception  of  Chicago,   annual  average  nitric 
oxide  concentrations  of  the  period  1^67-1971 
are  consistently  higher  than  those  of  the  period 
1962-1966. 

Annual  nitrogen  dioxide    (NO2)  averages 
show  a  greater  variability  among  cities  than  do 
the  nitric  oxide  averages,   and  the  trends  for 
nitrogen  dioxide  do  not  parallel   those  of  ni- 
tric oxide.     It  is  not  cldar  whether  this  devi- 
ation is  a  result  of  instrument  variation,  or 
whether  it  can  be  attributed  to  differences  in 
atmospheric  conversion  rates  in  various  cities  • 
(NAS   19  74) . 

Monitoring  data  for  NO  and  NO2   in  New 
Jersey  cities  presented  in  Figure  14-2  suggest 
that  a  pattern  of  change  similar  to  that  ob- 
served in  the  CAMP  Cities  has  occurred  at  these 
locations.     Maximum  monthly  averages  of  nitric 
oxide  appear  to  have  increased  after  1971,  whi le 
the  levels  of  NO2  have  remained  essentially  con- 
stant over  the  same  period . 

In  Los  Angeles  ^unty  vthere  has  been  a  di- 
rect relationship  between  increasing  NOx  emis- 
:-"'ons  and  the  reported  annual  average  one  hour 
concentrations  of  NO2-  Between  1965  and  1972, 
NOx  emissions  have  increased  in  L.A.  County  at 
an  annual  average  rate  of  3.8  percent  per  year. 
The  annual  average  of  the  maximum  hourly  aver- 
age total  NOx  concentrations  has  increased  ap- 
proximately 3.2  percent  per  year  from  1965  to 
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FIGURE  14-2:     Maxiimim  Monthly  Average  Concentrations  of 
Nitrogen  Oxides  in  Three  New  Jersey  Cities  (National 
Academy  of  Sciences  1974) . 
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1972  at  Burbank  and  dov;ntov;n  L.A.  Hov;ever, 
Anaheim  and  Azusa  experienced  increases  in 
these  annual  averages  of  close  to. 11  percent 
per  year. 

There  is  more '  detailed  discussioii  of  NOx, 
hydrocarbon,  and  oxidant  trends,  and  relation- 
ships presented  in  Vol.   3,   "The  Relationship 
of  Emissions  to  Ambient  Air  Quality"  of  the 
National  Academy  of  Sciences  Report,  Air  Quality 
and  Automobile  Emission  Control,  September  ' . 
1974";^ 


Diurnal  Nitrogen  Oxide  Concentrations  ^ 

The  concentrations  of  NO  and  NOx  in  the 
ambient  air  change  during  a  typical  day. 
While  all  aspects  of  the  typical  diurnal  cycle 
are  not  completely  understood   (Comm.  of  Mass, 
1973/  197^;  Coffey  and  Stasink  1975),  it  is 
possible  to  trace  the  concentrations  of  NO  and 
NO2  throughout  the  day. 

On  a  normal  day  in  a  city,  .ambient  NOx 
levels  follow  a  regular  pat^tern  with  the  sun 
.   and  traffic.     Nocturnal  levels  of  NO  an^  NO^ 
are  relatively  stable  and  are  usually  higher 
than  the  minimum  daily  values.     During  the  dawn 
hours  of  6  to  8  a.m.,  NO  begins  to ' increase* as 
a  result  of  automobile  emissions^     With  increas- 
ing ultraviolet  sunlight  to  drive  the  conversion 
reactions,  N^2  concentrations  increase  until 
most  of  the^O  is  coDverted  to  secondary  NO2  • 
Photochemical  oxidants  accumulate  as  NO  de- 
creases to  low  levels   (<0.1  ppm)   and  they  reach 
a  peak  about  midday.     Secondary  and  tertiary 
reactions  involving  NO  and  NO2  occur  leading  to 
^     complex  formations  of  eye  irritants  such  as  PAN 
(peroxyacylnitrates) . 

Later  in  the  afternoon,  there  is  decrea'sed 
mixing t  and  increased  atmospheric  stability. 
Evening  rush  hour  traffic   (4  to  7  p.m.)  pro- 
duces .  another  build-up  of  NO  which  is  not  read- 
ily converted  to  NO2  or  more  oxidants.  The 
absence  of  sunlight  does  not  completely  halt  NO2 
rormation,  however.     The  principal  oxidant  pre- 
sent, 'ozone   (0^) /  continues  to  react  rapidly 
with  NO  to^  form  N02#  until  the  0^  supply  is 
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exhausted,    \nd  thus  the  early  evening  NO2  con- 
centration may  continue  to  rise.     This  condition 
may  be  ascribed  to  meteorological  factors  and, 
on  cold'  evenings,  to  increased  emissions  from 
stationary  sources.  ^ 

A  smoothed  concentration  profile  for  NO, 
NO2  *  carbon  monoxide    (CO),  and  Oj^^in  Los  Angeles 
on  July  19  ,   1965,   is  displayed*"  in  Figure  14-3. 
The  figure  shows  concentration  on  only. a  single 
day  but  it  graphically  displays  the  diurnal 
phenomenon  described  above.     The  NO    peak  lags 
the  .NO  peak.     The  build-up  of  i-s^coincidental 
with  the  de'^crease  of  NO.     The  evening  increase 
of  NO2  apparently  did  not  occur  on  ^.this  day. 

The  classical  diurnal  trend  is  also  appa- 
rent in  Figure  14-4,  which  illustrates  the  di- 
urnal variation  in  monthly  mean  1-hour  average 
NO2  concentrations  froraf  St.   Louis,  Philadelphia, 
and  Bayonne,  N.J. 

Figure  14-5  compares  the  diurnal  patterns 
of  NO  for  weekend  days  and  weekdays    (for  Chicago 
CAMP  stations) The  ^unday  8  a.m.  peak  is  about 
one-third  of  the  weekday  peak  concentration. 
On  some  weekends,  some  locations  «have  peak  va- 
lues, bkut  thes55  occur  between  9  and  11  a.m. 

The  effect  of  stagnation  conditions  on  the 
nitrogen  oxide-  photo-oxidant  relationship  is 
graphically  exemp'lified  in  the  diurnal  concen- 
trations of  NO,  NO2  and.  oxidants  during  a  stag- 
nating air  mass  over  Washington,  D.C.  (ifSDOC 
1967) \     Figures  14-6  through  14-8  compare  the 
diurnal  concentration  pattern  for  NO,  NO2  and 
*  oxidants  that  occurred  during  a  four  day  stag- 
nation in  Washington,  D.C,  October  15  to  JL9,  f 
1963,  with  a  composite  of  the  normal  concentra- 
tions without  stagnation  and  inversions.  The 
.   efficiency  of  th^  NO-NO2  conversion  to  photo- 
oxidants  is  obvious.     During  midday  when  solar 
energy  is  most  intense,  the  photg-oxidation  of 
NO  and  NO2  in  the  presence  o:^  hydrocarbons  is 
so  efficient  that  their  concentrations  differ 
little  from  the  norm.     Details  of  these  photo- 
chemical reactions  are  discussed  in  Appendix 
14-A. 
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FIGURE  14-3:     Average  Daily  l~Hour' Concentrations  of 
Selected  Pollutants  in  Los  Arigeles,  California,  July  19, 
1965   (National  Academy  of  Sciences  1974) . 
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FIGURE  14-4,:  Diurna^.  Variation  in  Monthly  Mean  1-Ho 
average  NO2  concen-trations  from  three  urban  stations 
(Systems  Development  Corporation  1970). 
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FIGURE  14-5:     Weekday  and  Weekend  1-Hour  Average 

NO  Levels  in  Chicago/  1962  through  1964   (  USDC  1967) 
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FIGURE  14-7:  Diurnal  Variation  of  NO2  Levels  During 
Stagnation  in  Washington,  D.C.,  October  15  through^l9 
1963   (USDC  1967)  .  v    .  . . 
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FIGURE  14-8:     .  Diurnal  Variation  of  Oxidant  Levels 
During  Stagnation  in  Washington,  D.C.;  October  15 
through  19,  1963   (USDC  1967). 
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Seasonal  Patterns 

The  concentration  of  NO  displays  a  seasonal* 
variation  v/hile"^  that  of  does  not.     For  NO, 

higher  mean  values  are  observed  during  late  fall 
and  I'/inter  months  coinciding  v/ith  decreased  at- 
mospheric mixing  and  generally  less  untravioleX 
energy'  available  for  the  formation  secondary  • 
products. 

Figure  14-f9  shov/s  the  seasonal  patterns  in 
NO  by  presenting  the  mean  values  by  month  of  the 
year.     The  higher  v/inter  l(Svels,  ard^quite  dis- 
tinctive.. 

The  seasonal -pattern  for  NO2  is  less  con- 
sistent, as  seen  in  Figure  14-10*     Thus  there 
appears&>to  be  little  monthly  variation  for 
Denver   (1966)   and  Bayonne,  N.J..    (1967).  Even 
though  a  greater  amount  6f  NO  is  converted  to 
NO^  during  the  summer  months,  the  actual  con- 
centrations of  N92  are-  governed  by  the  r^te  o^ 
conversion  to  oxidant.     This  can  lead  to  appar 
rently  contradictory  comparisons  between  Los 
Angeles  and  Chicago  monthly  trends. 

NO^  is  highest  during  summer  months  in 
Chicago  and  during  v/inter  mont-hs  in  L.A.  On 
closer  examination  of  the  L.A.  aerometric  data, 
one  finds  an  inverse  relationship  between  oxi- 
dant levels  and  NO     levels.     The  presence  of  ox- 
idants during  summer  months,  v/hen  the  synoptic 
v/eath(^  Condition  superimposes  a  persistent 
inversion  lid  over  the  L.A.  basin,-  and  wfien 
there  is  higher  solar  radiation  intensity  and 
higher  temperature ,  effectively  scavenges  the 
NO  molecules.     Figure  14-11. 

f 

Indoor  Concentrations  of  Nitrogen  Ox^-des 

.  There  is  now  a  very  active  interest  in 
determining  pollutant  levels  in  the  home  envi- 
ronment.    However ,  very  little  of  the  research 
performed  to  date  has  been  concerned  with  NOx 
indoor  levels   (USEPA  1973)  .     One  of  the  studies 
which  has  examined  nitrogen  oxide  concentrations 
both  indpors  and  outdoors  was  performed  in  Tokyo 
and  found  that  although  particulate  matter  and 
sulfur  dioxide  cpncentrations  in  indoor  air 
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FIGURE  14-11:  Average  and  Standard  Deviation  of  Daily 
Maximum  Oxides  of  Nitrogen  Dioxide  Concentrations  for 
Seven  Locations  in  Los'Angeles  Basin,   1962    (USDC  1967). 
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v/ere  lov/er  than  concentrations  in  outdoor  air, 
there. v;as  no  such  difference  for  nitrogen  di- 
oxide  (Miura  et  al.   1975).     The  results  for 
NO2  confirmed  the  findings  of*  an  earlier  study 
in  Dushambe,  Russia   (Berdyer  et  al.    1967).  It 
has  been  found  that  nitrogen  o^ide  concentrations 
in  private  homes  ivith  gas  stoves  can  exceed  100 
ug/m3    (W^de  et  al.   1974).     The  existence  of 
such  pollutant  levels  indicates  that  there  is 
clearly  a  need  for  further  investigation  of 
the  sources  of  nitrogen  oxides  within  the  home 
and  of  the  factors  affecting  the  indoor/outdoor 
concentration  relationship. 


U.S  NITROGEN  OXIDE  EMISSIONS 

Description  of  Methodology 
of  Emissions  Estimation 

Emission  data  from  the  Environmental 
Protection  Agency's  National  Emission  Dat;a 
System   (NEDS)   can  be  used  to  describe  the  pre- 
sent pattern  of  nitrogen  oxide    (NOx)  emissions 
across  the  United  States    (USEPA  1972b) .  NEDS, 
a , computerized  emission  data  system,  summarizes 
emissions  by  source  type,  e.g.,   transportation,  , 
electric  generation",  and  by  fuel  use,  e.g., 
coal,  oil,  and  natural  gas  for  every  county. 
Air  Quality  Control  Region   (AQCR)   and  State  in 
the  U.S.     Emissions  are  further  summarized  by 
point  and  area  source  classification  for  each 
source  type.     Point  sources  ^re  all  industrial 
process  emission  sources  and  stationary  fuel 
combustion  sources  'in  urban  areas  emitting  more 
thart  100  tons  per  year  of  any  one  contaminant, 
and  stationary  fuel  combustion  sources  in  rural 
areas  emitting  more  than  25  tons  per  year  of 
any  one  pol lutant .     Area  sources  include  all 
sources  other  than  those  defined  as  point 
sources.  u 

The  1972  National  Emissions  Report  from 
NEDS  provides  the  basis  for  all  of  the  current 
emission  descriptions  in  this  section.     The  1972 
report  contains  emission  data  representative  of 
either  1970,   1971,  or  1972  for  each  political 
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jurisdiction/  depending  on  the  base  year  inven- 
tory used  in  state  implementation  plans  requir- 
ed by  the  C^ean  Air  Act.     Because  the  1972  re- 
port represents  the  first  such  comprehensive 
emissions  summary  and  because  the  sophistication 
of  state  and  local   jurisdictions  in. gathering 
emissions  data  varies  v/idely,   the  accuracy  of 
the  data  varies  from  state  to  state.     Such  vari- 

•ability  can  result  in  apparent  data  anomalies. 
For  example,   according  to  the  1972  report,  the 
Metropolitan  Philadelphia  Interstate  AQCR  ac- 
counts for  75  percent  of  the  nationv/ide  indus- 
trial process  emissions  of  nitrogen  oxides. 
This   is  presumed  to  occur  because  this  AQCR  con- 
tains the  only  comprefiens ive  survey  of  petro- 
leum refi'nery  emissions  in  the  U.S.   and  seems 
to  indicate  that  natiomvide  industrial  process 
emissions  are  significantly  underestimated. 
Hov/ever,   the  emission  data  for  stationary  fuel 

•  combustion  and  transportation  sources  which 
account  for  over  85  percent  of  the  nationwide 
NOx  emissions  are  much  more  accurate  and  con^ 
sistent.     In  fact,   the  national  emission  totals 
obtained  from  the  1972  report  agree  quite  close- 
ly with  independent  national  emission  estimates 
performed  v/ith  national  fuel  use  and  vehicle 
usage  data    (Mason  and  Shimizu  1974  ,  Cortese  197^5). 

As  new  and  more  accurate  emission  factors 
become  available,  emissign  estimates  and  pro- 
jections  v/ill  be  improved.     Currently  there  is 
variability  in  emission  estimates  resulting 
from  use  of  different  emission  factors.  Because 
of  recent  changes  in  transportation^  source  emis- 
sion factors,   the  1972  NEDS  data  overestimates 
diesel  emissions  by  590,000  tons  per  year  and 
underestimates  gasoline  emissions  by  320,000 
tons  per  year    (USEPA  1973b,   1974b) .     Thus  total 
transportation  emissions  are  overestimated  by 
approximately  270,000  tons  per  year. 


Nationwide  Nitrogen  Oxide  Emission  Patterns 

Nationwide  NOx  emissions  for  1972  are  sum- 
marized in  Table  14-4,  and  Figure  14-r2.     Tn  1972, 
24.64  million  tons  of  NOx  were  emitted  into  the 
nation's  atmosphere;   of  this  total   49.7  percent 
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New  York 
Point  Sources 
1.8% 


Sof^d  Waste 
Disposal 
0.7% 

—  Miscellaneous 
0.7% 


Industrial 
Process  Losses 
11.7% 


I     Sourco  Typo 

Stottonary  Fuel  Combustion 
Tronsportation 
Industriol  Process  Losses 
Soiid  Waste  Disposal 
Mitcelloneous 
New  York  Poir>T  Sources 
TotAJ 


Emissions  (JO®  ton/year) 


12.27 
8.72 
2.88 
0.18 
0,17 
0.42 

24.64 


FIGURE  14-12:  Nationwide  Emissions 
of  Nitrogen  Oxides,  1972 
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or  12.27  million  tons  were  produced  by  station- 
ary fuel  combustion  sources  and  35.4  percent  or 
^8.72  million  tons  v/ere  produced  by-  transporta- 
tion sources.     All  fuel  combusrtion ' accounted 
for  over  85  percent  of  the  national  total.  Dis- 
secting the'  data  in  a  slightly  different  marner, 
point  sources  accounted  for  57.3  percent  (14.11 
million  tons)  while  area  sources  accounted  for  ^ 
42.7  percent   U0.53  million  tons)   of  the  total/ 
nationaltf&missions.  The  major  portion  of  the  * 
point  source  emission^  was  contributed  by  sta- 
tionary fuel  combustion  and  industrial  process 
losses   (97  percent)   and  the  major  portion  of 
area  source  emissions  was  contributed  by  trans- 
portation sources   (83  percent) . 

Since  stationary  fuel  combustion  sources 
accounted  about  half  of  the  total  national 
emissions  in  1972/  it  is  appropriate  to  examine 
the  typ^s  of  stationary  sources  and  fuels  which 
make  the  major  contribution  to  stationary  fuel 
combustion  emissions.     As  shown  in  Table  14-5 

^  and  Figure  14-13,  electric  pov/er  generation 
(4  8  percent)'  and  industrial  fuel  combustion 
(44  percent)   shared  aliSost'  equally  in  the  pro- 
duction of  over  92  percent  of  the  stationary 
fuel  combustion  emissions.     However /  a  look  at 
the  type  of  fuel  consumed  in  electrical  power 
generation  and  industrial  heating  discloses  dif- 
ferences.    Coal  accounted  for  67  percent  of  the 
NOx  emissions  from  electric  power  generation, 
but  only  14  percent  of  the  industrial  fuel  com- 
bustion emissions.     The  major  contributor  to 
industrial  fuel  combustion  NOx  emissions  was 
industrial  process  gas,  such  as  coKe  oven  gas 
and  refinery  gas,  which  accounts  for  4  8  percent 
of  the  industrial  fuel  combustion  emissions. 
Natural  gas  was  the  second  largest  contributor 
for  each  source  type,  accounting  for  30  percent 
of  industrial  fuel  combustion  emissions  and  19 
percent  of  electric  power  generation  emissions. 

The  predominance  of  coal-related  NOx  elec- 
tric power  generation  emissions  is  a  result  of 
two  factors.     First,  eoal  is  the  major  fuel  used 
in  electric  power  generation.     Secondly,  coal 
.  has  a  higher  NOx  emission  rate  than  oil  or  na-^ 
tural  gas  on  an  equivalent  heat  production  basis 

.    as  indicated  in  .Table  14-6. 
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TABUS  14-5 

Summary  of  Nationwido  nOx  Emiooiono  by 
Source  Typo  and  Fuel  Uoo,  1972 


Source  TypQ 


Eraiooiono 
(106  tono/yoor) 


3.95 
0.85 
1.14 


0.^6 
0.41 
2.58 
1.64 


Stationary  Puol  12.27 
Ccinbuotion 

Electric  Gonoration  5.94 

Coal 
Oil 

0  Natural  Gao 

Induotrial  Fuel  5.39 
COinbuotion 

Coal 
Oil 

ProcGoo  Gao 
Natural  Gas 

Conanorcial-  0.6  5 

Inotitutional 

Rooidontial  0.29 

Tranoportation  8.72 

Gaooline  6.6  2 

Dioool  1.90 
Othor  o!20 

Induotrial  Process  2.88 

LOOOGG 

Solid  Waste  Disposal  0.18 

Miscellaneous  0.17 

New  York  Point  Sources  0.42 

TOTAL  24.64 


»  of  Total 
Elmiaaions 


49.7 


24.1 


21.8 


16.0 
3.4 
4.7 


3.0 
1.6 
10.5 
6.7 


2.6 


1.2 


35.4 


26.9 

'7,7 
*^  04  8 


11.7 

0.7 
0.7 
1.8 
100.0 
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Projected  increases  in  energy  demand  coupled 
v/ith  a. desire  to  convert  existing  electric  util- 
ities from  oil  and  natural  gas  to  coal  coi)abus- 
tion  and  to  require  nev;  electric  utilities  to 
►burn  coal  could  result  in  a  substantial  increase 
in  NOx  emissions, from  electric  power  generation 
in  the  future. 


Geographical  Nitrogen  Oxide  Emission  Patterns  / 

/ 

i} 

General  Patterhs  \ 

Geographical  nitrogen  oxide  emission  pat- 
terns v/ere  determined  by  summarizing  NOx  emis- 
sion data  for  all  the  AQCR's  and  states  located 
v/ithin  the  jurisdictional  boundaries  of  each  of 
the  Environmental  Protection  Agency's   (EPA)  10 
regional  offices.     A  complete  listing  of  the 
states  loc^fced  v/ithin  the  jurisdictional  bound- 
aries of  each  EPA  regional  office  is  given  in 
Table  14-7. 

Table  14-8  displays  the  geqgraphical  dis- 
tribution of  1972  NOx  emissions  for  the  United 
States.     The  North-east  includes  all  states 
east  off  the  Mississippi  River  and  north  of  the 
Mason-^^ixon  line,  th^  South  includes  all  states 
soutlyof  the.  Mason-Eixon  line  and  east  of  Ari- 
zona^, and  the  West  includes  all  of  the  area 
v/est  of  the  Mississippi  River  and  north  of 
Oklahoma  and  Arkansas.     The  North-east  was  re- 
sponsible for  56  percent  of  total  U.S.  NOx  emis- 
sions with  the  South  and  West  being  nearly  e- 
qual  contributors  to  the  remaining  44  percent. 
Distribution  of  stationary  fuel  combustion 
emissions  followed  a  3imilar  pattern.  Trans- 
poration  emissions  fbllowed  a  somewhat  differ- 
ent pattern  more  closely  following  population 
patterns.     "^1^  NorthTeast  accounted  for  42  percent 
of  U.S.  NOx^missions  from  , transportation  while 
the  South  and  West  contributed  32  percent  and 
26  percent  respectively . 

A  closer  look  at  the  contribution  of  EPA 
Regions  to  total  emissions  reveals  that  27  per- 
cent of  U.S.  total  NOx  emissions  and  39  percent 
of  U.S.  stationary  fuel  combustion  emissions 
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were  produced  in  the  six  Eastern  states  located 
in  Region  V.     Regional  transportation  emissions 
v/ere  consistent  with  population  distribution. 
Stationary  fuel  combustion  emissions  on  the 
other  hand,   reflected  geographical  differences 
in  industrialization  and  electric  power  require- 
ments . 


NOx  Emission  Patterns  in  EPA  Regions 

Tables  14-9  through  14-20  compare  the  dis- 
tribution of  NOx  emissions  in  each  of  the  ten 
EPA  Regions.     The  Regional  NOx  emissions  are  dis- 
sected according  to  tfie  degree  of  urbanization 
is  determined  by  the  largest  Standard  Metropoli- 
tan Statistical  Area   (SMSA) -population  within 
an  AQCR's  are  grouped  in  the  following  manner: 
grouped  in  the  following  manner:  ' 

^     (1)      large  urban  AQCR ' s :     AQCR ' s  with  an 

SMSA  population  greater  than  1  million; 

(2)  medium-sized  urban  AQCR * s :     AQCR * s 
with  an  SMSA  population  of  250,000- 
1,000,000 

(3)  small  urban  AQCR ' s :  AQCR's  with^an'. 
SMSA  population  of  50,000  -  250,000; 
and 

(4)  rural  AQCR's:     AQCR»s  not  containing 
an  SMSA.  ^ 

Although  it  reflects  the  obvious  distribu- 
tion of  population,  electric  power  generation 
and  industrialization.   Table  14-9  reveals  some 
interesting  points: 

-Region  VIII  had  high  rural  emissions  due 
to  electric  power  generation.  Electric 
generation  emissions  were  62  percent  of 
rural  emissions  and  25  percent  of  the 
Region's  total  emissions.     This  reflects 
the  presence  of  the  Four  Corners  power 
plant  in  Region  VIII. 
-In  Region  X  the  rural  emissions  were  also 
high.     However,   66  percent  of  the  emissions 
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i^ere  transporation  related.  Surprisingly, 
this  represented  27  percent  of  the  total 
Region's  emissions.     Further,  rural  in- 
dustrial fuel  combustion ^emissions  equal- 
ed urban  industrial  fuel  combustion^ emis- 
sions in  this  Region. 
-In  Region. II  81  percent  of  emissions  arose 
in  three  large  urban  AQCR's.     The  trans- 
portation emissions  in  just  these  large  , 
urban  AQCR's  represented  43  percent  of  the 
Region's  total  emissions.     Stationary  fuel 
combustion  in  these  largest  urban  AQCR's 
generated  27  percent  of  the  Region's 
emissions  with  only  12  percent  coming  from 
electric  power  generation. 
-In  Region  III  the  urban  emissions  were 
dominated  by  industrial  processing.  Forty- 
six  percent  of  the  Region's  emissions  arose 
from  industrial  processing  in  a  single 
AQCR,  the  Metropolitan  Philadelphia/  Inter- 
state AQCR.      (This  is  due,  at  least  in 
part,  to  the  fact  that  petroleum  refinery 
emissions  have  been  carefully  surveyed  in 
the  Philadelphia  area,  as  discussed  earli- 
er in  this  chapter.) 
-In  Region  I  transportation  emissions  are 
dominated  by  light  duty  gasoline  vehicles  (72 
percent).     For  all  other  Regions,  light  duty 
gas  line  vehicles  contribute  an  average  of  57 
percent  of  the  transportation'  emissions. 
Theie^are  some  similarities  among  Regions 
in  the  distribution  of  emissions  which  reflect 
the  degree  of  urbaniz'^tion  and  industrialization 
of  the  Regions: 

-Regions  I  and  IV  (New  England  and  the 
Southeast)   had  a  similar  distribution^of  . 
emissions  betv/een  rural  and  urban  AQCR  s.  s 
The  majority  of  the  Regional  emissions     ^  ^ 
were  produced  in  medium-sized  urban  AQCR's. 
However,  Southern  states  had  a  greater 
proportion  of  electric  power  emissions  in 
rural  areas . 
-Regions  II,   III/  and  V  represent  major  pop- 
ulation centers.     Sixty-three  to  80  percent ^ 
of  the  Regions'  emissions  were  produced  in 
larqe  urban  areas. 
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Effects  of  Degree  of  Urbapization  on  Nationwide 
Nitrogen  Oxide  Emissions 

Figure  14-14  displays^  the  effects. of  the 
degree  of  urbanization  on  natiom^/ide  NOx  emis- 
sions in  1972.     Urban  AQCR's  accounted  for  87 
percent  of  the  total  NOx  einissions.  Large  urban 
AQCR's  alone  accounted  for  5  3  percent  of  total 
emissions  v;hile  rural  AQCR's  cont^ributed  only 
13  percent  of  total  emissions.     Thus,  the  major 
portion  of  th^  NOx  problem  as  characterized  by 
NOx  emissions  v/as  in  urban  areas. 

Analysis  of  the  10  AQCR's  ivith  the  largest 
SMSA  populations  indicates  that?  these  AQCR's 
accounted  for  39  percent  of  the  total  U.S.  NOx 
emissions.  The  emissions  from  these  ten  AQCR's 
are  shov/n  in  Table  14-21.     The  majority  of  the 
emissions  in  these  AQCR's  were  produced  by  sta- 
tionary fuel  combustion  and  industrial  process 
loss  sources  with  transportation  sources  con- 
tributing only  20  percent  of  the  total.  This  is 
in  marked  contra-st  to  the  remainder  of  the 
country  v;here  transportation  contributed  45 
percent  of  total  emissions. 


Nitrogen  Oxide  EmJ.ssions  by  States 

Table  14-22  ranks  the  states  and  the  Dis- 
trict of  Columbia  according  to  their  total 
statewide  NOx  emissions.     Table  14-22  also  pro- 
vides another  basis  for  characterizing  NOx 
emissions;   it  compares  emissions  per  capita  and 
emissions  per  unit  area  for  each  state  to  the 
NOx  emission  density  for  the  contiguous  United 
States.     The  U.S.  NOx  emission  density  is  ap- 
proximately 8.15  tons  per  square  mile  and  Na- 
tional emissions  per  capita  are  approximately 
0.112  tons. 

The  column  labeled  Ratio     Emissi6n  Densi- 
ties   (State/U.S.)    i%  Table  14-2-2  presents  a  tab- 
ulation of  each  state's  NOx  emissions  per  square 
mile  divided  by  8.15  tons  per  square  mile,  the 
na:tionally  averaged  emission  density.     The  ra- 
tios range  from  104  for  the  District  of  Columbia 
to  .008  for  Alaska.  The  states  of  Pennsylvania, 
Michigan ,   Indiana ,  New  Jersey ,  Massachusetts , 
Maryland  and  Rhode  island  had  NOx  emission  den- 
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0    Urbanization  it  based  on  larQert  SMSA  (Population  in  on  AQCR:    ^  ] 
Largo  Urb^n  ■=  SMSA  population  >  1,000,000 
Medium-Sized  Urban  °  SMSA  population  250,000-1.000.0100 
Small  Urban  °  SMSA  population  50,000-250,000 
Rural  °  AQc5R  containing  no  SMSA 

b    Miscellaneous  sources  accounting  for  1BO,000  tont/yoar  ore  not  included. 


FIGURE  14-14:     Distribution  of  1972  Nationv/ide 
Nitrogen  Oxide  Emissions  by  Degree,  of  Urbanization^ 
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^ADLE  14-22 

t:o«  Enloolono  by  Gtatoo 


and  tho  District  of  ColtL-nbla 


State' 0  Running  % 
aiooiono  U-S.  Total 


Ratio 
Cmloolon 
Donol t loo 
(Statc/UP) 


Tlatio 
Bialooion 

Capita 
(3tato/US) 


1 

Ponnoy Ivanla 

3I326,  053 

13 

9.1 

2.5 

2 

Michigan 

2  ,449,  019 

22. 

9 

5.  3 

2.5 

3 

Ca  1  Ifornia 

11(033,297 

30. 

9 

1  .  4 

.02 

4 

How  York 

1  ,659,019 

37. 

6 

2.7 

.52 

5 

Indiona 

1 ,511 , 526 

43. 

7 

5.1 

2.6 

6 

Toxao 

1,  427,  195 

49. 

6 

.67 

1.2 

7 

Ohio 

1,214,  163 

r 

54  . 

5 

3.6 

.90 

0 

lUinolo 

1 ,074, 061 

,  50. 

9- 

2V4 

.07 

9 

Florida 

710, 764 

61 

0  < 

1-6 

.94 

10 

South  Carolina 

•574,904 

64 

1 

2.3 

1.9 

11 

Now  Jerooy 

539,260 

66 

3 

.  0.0 

.67 

12 

Miooour  i 

494 , 166 

60 

3 

.  1  3 

2. 1 

13 

Tonnooooo 

470  ,005 

70 

2 

1 .  4 

1.  1 

14 

Loulolana 

466,076 

72 

1 

U  3 

1 . 1 

15 

Kentucky 

462  ,025 

73 

.9 

1.4 

1.3 

16 

North  Carolina 

454,013 

75 

.0 

.11 

.79 

17 

Wioconoln 

450, 332 

77 

.6 

1.0 

.09 

10 

Alabama 

437,693 

79 

.4 

.03 

.04 

19 

Georgia 

407,653 

01 

.06 

.79 

20 

Maooachuoc tto 

360, 590 

02 

.  5 

5.0 

.50 

21 

Virginia 

363, 000 

04 

1.1 

.69 

22 

Minnooota 

34  3  ,  7  30 

05 

.  4 

.53 

.00 
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TABLE   14-22    (cont .  J 


ntotc 
Lmi  □01,  ona 


nunninq  \ 
U.^i.  Total 


no  1 1  o 
Lni  1  □  □  i  on 
Dono 1 t 1 po 
(Stoto/US) 


riot  lu 

Liniooion 
Capi ta 


2  j 

Maryland 

29  3  ,  3  3  7 

06 

6 

7.2 

.60 

24 

lowo 

267  ,  3  37 

07 

7 

.59 

2? 

Konooo 

257, 926 

00 

7 

.  39 

1  .0 

26 

Moot  Virginia 

2S3,a-00 

09 

0 

1  .  3 

1  .  3 

27 

Oklahoma 

245. 470 

90 

0 

^            .  44 

.06 

Now  M*>wir'0 

219. 559 

91 

5 

.  22 

1  .  9 

29 

WQoh  infjton 

207.  ViO 

92 

2 

.  IQ 

-'i4 

JO 

MlODlOOlppl 

190,1 70 

* 

.49 

.  76 

31 

106. 2  /U 

r\\ 

.  Ofi 

32 

Connect  lt:ut 

17  1,775 

.'ib 

.06 

33 

Montana 

16  ). 500 

.U 

2.\ 

34 

Colorado 

16  3 ,506 

.  19 

.  i>i> 

1^ 

Or<'qon 

149,6)7 

.19 

.  64 

)6 

Arizona 

1  36  .  544 

.  15 

.69 

37 

Nebraoka 

112, 370 

.  10 

.60 

10 

Nevada 

90. 032 

.  1 1 

1  .0 

J9 

North  Dakota 

94,477 

.  1  7 

1  .  ) 

40 

Utah 

09, 205 

.  1  3 

.71 

41 

Ma  1  nc 

f34  ,  592 

.  34 

.  76 

42 

Wyomi  nq 

79,997 

.  1 

2  .  I 

4  3 

Now  Hoinpahlr*? 

74.195 

1.0 

.09 

44 

uplawaro 

64,30  3 

3  .  9 

1.11 

-J- 
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TABLE  14-22  (cont, ) 
Rank  State 


4  5  South  Dakota 

46  Idaho 

47  Rhode  Island 

48  District  of 

Coluinbia 

49  Hawaii 

50  Alaska 

51  Vomont 

*  Combined, the  remaining  states  and  D.C.  contribute  less  than  9%  to 
the  total  U.S.  NOjj  emissions. 


Ratio  Ratio 
State             Running  %          Emission  Emission 
Emissions        U,S,  Total        Densities  Capita 
 \  (State/US)  (State/US) 

54,443                      ]                    .09           ^  .71 

53,519   -^-h- 

SI, 122                                        6,1  .48 

51,615                                    104,  .61 

48,745                                            .93  ^  .56 

36 ,  108                                            .008  1 . 1 

26,771                                            .35  .54 


sities  over  4o  tons/sq.  mile.     (IJfef^should  be 
noted,  however,  that  the  Pennsyji?vania  data  in- 
clude a  comprehensive  survey  of  petroleum  re- 
finery emissions  near  Philadelphia.     Since  such 
surveys  do  not  exist  elsewhere,  emissions  from 
states  other  than  Pennsylvania  may  be  greater 
than  shov/n  here.) 

A  comparison  of  per  capita  emissions  is 
given  in:;tl^  column  of  Table  14-2  2  labeled  Ratio 
Emission\Papita   (State/U.S . ) .     The  per  capita 
NOx  emissions  range  from  2.6  for  Indiana  to  0.4 
for  Alabama.     Pennsylvania,  Michigan,  Indiana, 
Missouri,  Montana Nand  Wyoming  had  per  capita 
emissions  which  were  two  or  more  times  the 
National  average  of  225  pounds  per  person  per 
year.     Montana  and  Wyoming  coritributed  less 
than  1  percent  each  to  the  total  U.S.  emissions 
but  had  a  high  per  capita  emission  ratio  be-  • 
cause  of  their  small  population. 

Table  14-2  2  also  compiles  the  running  ac- 
cvunulating  percent  contribution  of  state's  emis- 
sions to  the  total  U.S.  NOx  emissions  (24.64 
million  tons/year).     Interestingly,  six  states 
(Pennsylvania,  Michigan,  California,  New  York, 
Indiana  and  Texas)  were  responsible  for  about 
50  percent  of  the  nationwide  NOx  emissions. 
Pennsylvania,  itself,  contributed  over  13  per- 
cent.    Over  90  percent  bf  the  annual  NOx  emis- 
sions are  accounted  for  in  the  first  27  states 
listed/  with  the  remaining  23  states  and  the 
District  of  Columbia  combining  to  contribute 
less  than  10. percent. 


Nationwide  NOx  Emission  Trends 

1940-1972  " 

Nationwide  NOx  emission  trends  from  1940- 
1972  are  displayed  in  Table  14-2  3  and  Figure 
14-15   (USEPi\  19  73a)  .     Total  nationwide  emissions 
tripled  in  the  three  decades  from  1940-1972. 
The  stationary  source  fuel  combustion  category 
revealed  the  largest  emission  growth  increasing 
from  3.5  million  tons  in  1940  to  12.3  million 
tons  in  1972.     In  this  category,  emissions  from 
electric  power  generation  showed  the  greatest 
increase,  climbing  nearly  800  percent  over  the 
three  decades.     Transportation  emissions  tripled 
during  this^ period. 
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Total  Emissions:  1972-1990 

In  Appendix  14-C/  total  emissions  of  ni- 
trogen oxide  are  projected  to  the  year  1990 
under  various  assumptions  about  the  implementa- 
tion of  regulatory  programs  and  about  the  growth  . 
rate  of  stationary  and  mobile  sources. 

Assuming  the  implementation  of  the  present 
statutory  program  for  NOx  control;  using  emis- 
sion projections  for  electric  pov/er  generation 
based  on  forecasts  by  the  Federal  Energy  Admin- 
istration  (USEPA  1975)   and  the  National  Academy 
of  Engineering   (1974);  assuming  a  slowing  of  the 
growth  rate  of  NOx  emissions  from  industrial, 
commercial/  and  institutional  fuel  combustion; 
and  usinq  other  assumptions  presented  in  detail 
in  Appendix  14-C/  a  conservative  estimate  yields 
a  36  percent  'increase  in  total  NOx  emissions 
from  1972-1990    (see  Figure  14-16) .     The  larg- 
est increases  will  result  from  industrial  pro- 
cess losses/  non-highway  transportation/  indus- 
trial fuel  combustion/  and  electric  pov/er  gener- 
ation.    Hi'ghv/ay-related  transportation  emissions 
v/ill  decline  under  the  assumptions  of  this  pro- 
jection as  Federal  controls  on  nitrogen  oxide 
emissions  from  automobiles  are  implemented. 

Appendix  14-C  examines  future  NOx  emissions 
from  electric  power  generation  and  highway  ve- 
hicles in  some  detail.     Protections  of  power 
generation  emissions  are  critically  dependent 
upon  the  rate  at  which  nuclear  power  generation 
increases.     If  for  any  reason  no  new  nuclear 
pov/er  plants  were  built  after  1975/  NOx  emissions 
from  power  generation  facilities  could  more 
than  double.     Road  vehicle  emissions  are  pro- 
jected under  three  options:      (1)   no  control  of 
NOx  emissions/    (2)   implementation  of  a  proposed 
five  year  delay  of  the  1977  statutory  standards 
and   (3)   implementation  of  the  present  statutory 
program.     The  analysis  shows  a  25  percent  re- 
duction in  road  vehicle  NOx  emissions  by  1990 
(compared'witl;!  1972)   under  the  present  statu- 
tory program  (if  vehicle  miles  of  travel^ in- 
crease by  4  percent  per  year) .     The  five  year 
delay  leads  to  k  17  percent  reduction  in  emis- 
sions by  1990.     Emission  reductions  are  some- 
what smaller  than  might  be  expected  from  the 
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large  percentage  decrease  in  allowable  emissions 
per  mile  travelled  because  of  the  projected  in- 
crease in  miles  travelled  and ^because  of  the 
grov/th  of  emissions  from  uncontrolled  heavy 
duty  gasoline  and  diesel  trucks. 
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APPENDIX  14-A 
ATMOSPHERIC  REACTIONS 
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Nitrogen  oxides  play  a  principal  role  in 
the  atmospheric  reactions  v/hich  produce  photo- 
chemical smog.     The  complex  reactions  and  the 
increased  toxic  potential  associated  with  these 
secondary  pollutants  complicate  the  evaluation 
of  control  strategies  significantly. 

Dr.  J.G.  Calvert  (1973)   and  Dr.  E.R.  Stephens 
(1973)   have  discussed  the  atmospheric  reactions 
in  detail  in  the  Proceeding  of  the  Conference 
on  Hea,lth  Effects  of  Air  Pollution  of  the  National 
Academy  of-Sciences- 


PRODUCTION  OF  NITROGEN  OXIDES 

Nitrogen  oxides  are  produced  during  com- 
bustion by  the  oxidation  of  organic  nitrogen 
compounds  in  fossil  fuels  and  the  thermal  fix- 
ation of  atmospheric  nitrogen  gas,  N2. 

Nitrogen  gas   (N^)    is  generally  inert  v;ith 
respect  to  tropospheric  reactions-     The  equili- 
brium of  the  reaction 

N2  +  O2       2N0  (1) 

is  far, to  the  left  at  normal  atmospheric  temper- 
atur'es  aind  NO  concentrations  are  small.  However 
at  temperatures  found  in  combustion  chambers 
this  equilibrium  shifts  to  the  right.     Rapid  cool- 
ing of  the  resultant  1^2'  mixture 
quenches  the  reverse  reaction,   2N0      N2  + 
The  return  to  equilibrium  proceeds  very  slowly 
and  the  NO  persists.     Although  NO2  may  be  an  im- 
portant intermediate  during  combustion,  the 
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amount  released  is  small.  *"For  temperatures 

greater  than  2000  F   (1093  C) ,  only  0.5  percent 

of  the  nitrogen  oxides  e.mitted  are  NO2   (EPA  1970)  . 

NO  TO  NO2  CONVERSIONS 

The  levels  of  NO,   NO2  and  '03  as  a  function 
of  time  for  typical  diurnal  smoggy  conditions 
v/ere  described  in  detail  in  Chapter  14  in  the 
discussion  of  diurnal  NOx  concentrations.  Nitric 
oxide  emissions  increase  during  the  morning  rush 
hour..    However  NO  concentrations  begin  to  fall/ 
rapidly  as  the  NO2  concentrations  climb  tov;ard 
their  maximum.     Ozone  levels  do  not  begin  to 
increase  until  most  of  the  NO  has  disappeared, 
reaching  a  maximum  at  midday  and  falling  off  in 
the  c^fternoon.     There  is  no  peak  in  NO  concentra- 
tions in  the  afternoon  corresponding  "^o  the 
evening  rush  hour. 

These  observations  imply  that  NO  is  rapidly 
being  converted  to  NO2  in  the  atmosphere.  Recent 
observations  tracking  pov/er  plant  plumes  have 
shovm  similar  processes  occurring   (Davis  et  al. 
1975) .     The  time  required  for  50  percent  con- 
version of  the  NO  to  NO2  in  these  plumes  was 
estimated  to  be  betvjeen  12  and  60  minutes. 

During  initial  dilution  in  the  atmosphere 
NO2  is  produced  by  the  reaction 

2N0  +  02"^  2NO2.  (2) 

Because  this  is  a  three  body  reaction  requiring 
two  NO  molecules,   the  rate  of  production  is 
proportional  to  the  square  of  the  nitric  oxide 
concentration.     Therefore,  nitrogen  dioxide 
production  by  this  mechanism  is  only  important 
for  high  NO  concentrations   (greater  than  about 
100  ppm)   and  significant  O2  concentrations.  As 
the  nitric  oxide  is  diluted  to  concentrations 
below  1  ppm,  these  direct  reactions  with  oxygen 
become  unimportant   (EPA  1970) . 

These  conversions  during  the  initial  dilution 
can  produce  nitrogen  dioxide  equal  to  up  to  25 
percent  of  the  total  NOx   (Calvert  1973) ,  However, 
this  reaction  cannot  account  for  the  conversion 
of  NO  to  NO2  in  the  atmosphere  at  ambient  levels 
of  NO  which  are  typically  less  than  1  ppm. 
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Ozone  (O3)  oxidation  of  the  NO  does  provide 
an  explanation;  nitric  oxide  is  rapidly  oxidized 
in  the  atmosphere  by  ozone, 

O3  +  NO  -  NO2  +  O2 .  (3) 

Ozone  is  naturally  found  in  the  atmosphere  in 
concentrations  of  10  to  50  ppb   (Com  et  al.    1975) , 
The  50  percent  conversion  time  for  this  reaction 
is  0.3  minutes  for  nitric  oxide  and  ozone  con- 
centrations of  100  ppb   (Stephens  1973),  There- 
fore,  in  the  presence  of  excess  atmospheric  ozone, 
this  reaction  appears  to  be  the  primary  link  in 
NO  to  NO2  conversion. 

'The  brov/n  gas,   nitrogen  dioxide,   is  a 
strong  absorber  of  sunlight,   and  is  rapidly 
photolyzed  by  the  ultraviolet  radiation  to  pro- 
duce the  reactive  ground  state  oxygen  atom, 
0{-^l?),  and  an  NO  molecule  (EPA  1970): 

NO2  +  sunlight    (2900-4300  A)  -  0(^P)    +  NO  (4) 

The  highly  reactive  0("^P)  reacts  with  an  oxygen 
molecule  and  a  third  molecule,  M,  which  removes 
excess  vibrational  energy,   to  form  ozone: 

0(3p)    +  O2  +  M       O3  +  M.  (5) 

The  net  effect  of  these  two  reactions  is 
the  reverse  of  the  equation   (3)   above.     Thus  we 
have  a  dynamic  balance  between  two  very  fast 
(2  to  3  minutes)   reactions    (Stephens  1973) : 

Ot  +  NO       NOp  +  O9  (6) 

This  mechanism  does  not  yet  explain  the  net  con- 
version of  NO  to  NO2  as  observed  in  the  atmos- 
phere.    Moreover,   this  reaction  sequence  does  not 
explain  the  conversion  of  NO2  to  ozone. 


OXIDANT  PRODUCTION 

The  key  re^^tions  in  shifting  this  equili- 
brium to  convert"  NO  to  NO2  are  chains  involving 
various  transient  molecules  and  reactive  species 
such  as  carbon  monoxide  and  hydrocarbons  found 
in  polluted  air. 
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Carbon  monoxide  reacts  vjith  the  hydroxy.! 
radical  HO  through  a  chain  of  reactions  to  drive 
the  equilibrium  to  the  left: 

HO  +  CO  -  H  +  CO2  (7) 

H  +  O2  +  M  -  HO2  +  M  (8) 

HO2   +  NO  -   NO2   +  HO  . 

HO  +  CO  -  H  +  CO2,   etc.  (7) 

Each  hydroxyl  radical^  produced  by  this  method  is 
able  to  recycle  back  and  oxidize  many  NO  molecules' 
to  NO2 . 

In  the  presence  of  ozone,   the  HO  radical  is 
produced  by  the  reaction  sequence     (Levy  1971) : 

O3  +  sunlight    (2900-34O0A)       0(^D)    +  O2  (10) 

0(1d)    +  H2O       2H0  (11) 

where  O(-^D)    is  the  highly  reactive  ground  state 
oxygen  atom.     Only  1  percent  of  the  O('^D)  atoms 
can  be  expected  to  neact  v/ith  v/ater.  The 
remainder  are  rapidly  quenched  by  other  molecules 

0(^0)    +  M  -  0(3p)    +  M.  (12) 

The  HO  production  rate  is  then  linearly  dependent 
on  the  absolute  H2O  concentration   (Davis  1974) . 

Hydroca^:^bon  reactions  are  major  sources  of 
the  hydroperoxyl  radical,  HO2 #   as  in  the  sequence 
(Calvert  1973) : 

.  CH3(0_p)cH302^''i'^CH30<^2)cH20  +  HO2  (13) 

The  HO2  radical  can  then  oxidize  NO  to  NO2  and 
also  produce  a  hydroxyl  radical: 

HO2  +  NO  -  NO2  +  HO  (9) 

:  The  reaction  chains  of  hydrocarbon  radicals , 

R,  are  very  complex,  but  the  key  reactions  con- 
vert NO  to  NO2  analagously  to  reactions  (8)  and 
(9)'   (Stephens  1973)  :  .  . 
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R  +  ©2  -*  RO2  '  (14) 

RO2  +  NO      NO2  +  RO    *  (15) 

The  net  effect  of  these  radical  reaction 
chains  is  to  promote  the  conversion  of  NO  to  NO2: 

(radicals)  (;L6) 

This  drives  the  dynamic  equilibrium  between  NO 
and  NO2  toi-jards  NO2  production: 

Hfadicals) 

O3  +  NO  i  '  NO2+  02  \  >t47)'X 

</  •  uv  J  ^'^ 

By  scavenging  NO ,  these  reactions  permit  O3  to 
accumulate    (Stephens  1973)  . 

REMOVAL  PROCESSES 

Ozone  is  lost  by  reacting  with  nitrogen 
dioxide:       '  ' 

^.  O3  +  NO2       NO3  +  O2  (18) 

The  transient  NO3  reacts  with  nitrogen  dioxide: 

NO3  +  NO2      N2O5  (19) 

N2O5  is  also  a  transient  molecule  which  rapidly 
dissociates  or  reacts  with  water  to  form  nitric 


acid,  HNO3: 


N2O5       NO3  +  NO2  (20) 


N2O5  +  H2O  -  2HNO2  .  (21) 

/I 

In^addxiiiox^^^— M^t^jre  acid  lb  luimeu  by  4:he  OH 


removal  process: 

*  OH  +  NO2   +  M  r»  HNO3   +  M  (22) 

Davis  et  ai.    (1974)   have  calculated  that  this 
"Reaction  for  power  plant  plumes  in  summer  day- 
light conditions  should  have  a  50  percent 
conversion  time  of  2  to  3  hours.     The  nitric  acid 
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formed  ^esumably  reacts  with  various  other  con- 
taminants^in  the  air  to  form  nitrates.  Ammonium 
for  examp]J^,  ^will  react  rapidly  with  nitric  acid 
to  form  ^jSioniuin  'nitrate .     In  fact,  composite 
samples        the  Los  Angeles  basin  have  shown 
ammonium  nitrate  to  comprise  10-15  percent  of 
the  total  suspended  particulates    (Gordon  and 
Bryan  1973) .  ^ 

The  net  effect  of  these  reactions  is  to 
remove  nitrogen  dioxide  from  the  air  by  loss 
reactions  with  the  important  reactive  molecules 
to  produce  nitrate  aerosols. 

The  other  important  loss  mechanism  for 
nitrogen  dioxide  is  through  the  production  of 
the  peroxyl  acyl  nitrates,  PAN 's.     The  PAN  * s  are 
a  family  of  organic  compounds  with  the  general 
formula: 

0 

RCOON02 

The  PAN  * s  have  a  temporal  variation  which  is 
very  similar  to  that  of  ozone.     Stephens  (1973) 
suggests  that  PAN  formation  is  delayed  because 
NO  and  NO2  compete  for  the  peroxyl  acyl  radicals: 

0        /  0  ' 

ii  II 

RCOO  +  NO   -  RCO.   +  NO2  V  (23) 

0  0- 

It  11  '  ■ 

^     RCOO  +  NO2       RCOONO2  (24) 

The  first  reaction,    (23>,   converts  NO  to  NO2  and 
claims  the  major  portion  of  the  peroxyl  acyl 
radical.     As  soon  as  the  NO  has  been  depleted 
however,   the  second  reaction  becomes  important 
"ahdT  PAN'S  are  formed.     This  is  very  similar  to 
the  reaction  t>cheme  for  ozone. 
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APPENDIX  14-B 


iyiR?VSUREMENT  OF  AMBJTENT  LEVELS  OF  NO^ 

Ambient  air  coficentrations  of  are  not 

well  known  because  of  problems  with  tne  Federal 
Reference  method  of  measurement  which  was  em- 
ployed prior  to  1972.     The  reference  method  used 
to  determine  compliance. with  national  air  quality 
standards  was  the  Jacobs-Hochheiser   (J-H)  metho(J 
as  modified  for  the  National  Air  Surveillance 
Networks   (NASN) .     This  method,   along  with  other 
NOn  measurement  techniques,   is  summarized  in 
Table  App. " 14-Bl   (Saltzman  1973). 


Jacobs-Hochheiser  Method 

Brief  ly,   the  Jacobs-Hochheiser'^  (J-H^  method 
involves  bubbling  ambient  air  through  an  aqueous 
solution  for  24  hours.     The  nitrate  ions  formed 
in  the  reagent  are  treated  to  form  an  azo  dye 
which  is  measured  colorimetrically .     The  in- 
tensity of  the  absorbed  light  at  a  specific  wave 
length  is  related  to  the  integrated  24-hour  NO2 
concentration.     The  collection  efficiency  of  tne 
reference  method  for  NO2  was  previously  deter- 
mined as  35  percent,  ana  a  correction  for  this 
efficiency  had  been  applied  to  all  data. 

In  1971-72  it  became  apparent  that  the  J-H 
method  has  two  inherent  problems  which  affected  * 
its  ability  to  accurately  estimate  air  quality 
in  the  field.     These  are:      (1)   the  collection 
efficiency  varies  with  concentration  of  NO2  and 
(2)   a  small  portion  of  the  nitric  oxide   (NO)  in 
the  ambient  air  shows  up  as  NO2 .     The  collection 
efficiency  of  the  J-H  method  at  NO2  concentra- 
tions in  excess  of  110  pg/m^  has  been  known  for 
some  time  and  calibration  curves  developed.  These 
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show  an  approximate  35  percent  collection  effici- 
ency at  NO2  concentrations  of  110  to  180  vig/m-^. 
This  means  that  about  one-third  of  the  NO2  in  the 
air  that  bubbles  through  the  sampler  is  trapped  and 
bubbles  through  the  sampler  is  trapped  and 
analyzed.  *  Late  in  1971  lab  methods  became  avail- 
able to  generate  reliable  lov/  level  concen- 
trations and  it  v/as  possible  to  extend  the 
calibration  curve  for  NO2  concentrations  belov/ 
100  yg/m^.     The  extended  curve  shov/ed  that 
collection  efficiencies  greatly  increased  as 
NO2  concentrations  decreased  belov/  100  pg/m  . 
'Fox  example,  at  100  yg/m^  the  coll'ection 
efficiency  is  just  belov/  40  percent,  whereas  at 
30  Mg/m"^  the  collection  efficiency  is  60  percent. 
This  variable  collection  efficiency  may  have 
been  a  major  source  of  error  in  the  observations 
used  for  classifying  regions  for  NO2 • 

The  J-H  method  as  published  in  the  Federal 
Register  uses  a  constant  average  correction 
factor  on  a  collection  efficiency  of  35  percent 
based  on  the  early  efficiency  curves.     It  is 
clear   (see  Figure  App.   14-Bl)   that  a  35  percent 
collection  efficiency  is  i^oo  low  for  concentra- 
tions in  the  30  to  60  \ig/m^  range.  Therefore, 
at  lower  concentrations  where  collection  effi- 
ciencies are  much  higher  than  35  percent,  the 
calculated  and  reported  concentrations  of  NO2 
obtained  by  the  J-H  method  are  higher  than  actual 
ambient  NO^  concentrations.     Since  the  NO2 
concentration  in  the  air  varies  throughout  the 
day,   the  collection  efficiency  may  vary  signifi- 
cantly throughout  any  one  24-hour  Sample,  making- 
accurate  calculation  of  N02^concentrations  im- 
possible. 

The  NO  interference  previously  mentioned  is 
a  second  factor  leading  to  an  additive  effect 
and  is  particularly  important  in  areas  of  low 
NO2  concentrations.     Table  B2 ,  The  Effect  of  NO 
on  the  Reference  Method  for  NO2 /  displays  this 
additive  interference  of  NO   (Hauser  and  Shy  1972) . 

Because  of  the  questionable  data  base,  EPA 
reviewed  all  47  AQCR's  in  29  states  that  were 
classified  as  Priority  I  for  NO2  control  and 
thus  required  stationary  source  controls .  In 
July  1973,   43  of  the  original  Priority  I  AQCR's 
ivere  reclassified  as  Priority  III  for  NO2 .  The 
Los  Angeles  and  Chicago  AQCR's  are  the  only  ones 
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TABLE  App.  14-B2 

Effect  of  NO  on  the  Reference  Method  for  NO2 


•  ■ 
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v/here  the  data  indicated  concentrations  ex- 

ceeding 110  Mq/m^  annual  average.     Both  of  these 
AQCR's  remain  Priority  I.     In  the  Nev/  York-New 
Jersey-Connecticut,  Wasatch  Front   (Salt  Lake 
City)   and  Denver  AQCR's   (originally  Priority  III), 
arsenite  data  shov/s  concentrations  belov/  the 
cutoff  point  for  a  Priority  III  classification, 
but  chemiluminescence  and/or  Saltzman  data  shov; 
concentrations  above  it. 

For  more  complete  details  of  comparative 
sampling  data  per/^rmed  in  the  original  47 
Priority  I  AQCR's,  refer  to  Federal  Register 
38  FR  15181    (Federal  Register  1973)  . 


Proposed  Reference  Methods 

Three  methods  of  ambient  monitoring 
have  been  proposed  as  the  Federal  Reference 
method:     the  modified  sodium  arsenite  method, 
the  continuous  Saltzman  -method  and  the  chemi- 
luminescence detection  method. 

Each  method  has  its  ovm  inherent  limitations 
of  either  interferences,   stability,  complexity, 
toxicity,  or  cost.     Each  of  the  methods  is 
briefly  described. 


Arsenite  Method 

Figure  App.    14-B2    (Federal  Register  1973) 
displays  the  apparatus  used  to  determine  NO^ 
(24-hour  sample)   by  the  Arsenite  Method.  Air 
is  bubbled  through  a  reagent  of  sodium 
hydroxide-sodium  arsenite  solution  to  form  a 
stable  solution  of  sodium  nitrite  (Christie 
et  al.    1970) .     The  nitrite  ion  produced  during 
sampling  is  reacted  v/ith  phosphoric  acid,  sul- 
fanilamide,  and  N-l-naphthylethylenediaraine 
dihydrochloride  to  form  an  azo  dye.  NO2 
concentrations  are  infered  by  measuring  the  azo 
dye  colorimetrically u 

The  method  has  an  overall  conversion  effi- 
ciency of  85  percent  over  the  range  of  50-750 
pg/m^         .     However,   it  has  been  reported  that 
there  is  a  12  percent  positive  interference  for 
NO  which  can  be  deducted   (Saltzman  1973) .  The 
toxicity  of  the  absorbing  reagent  is  an  obvious 
disadvantage  of  this  method. 
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Continuous  Saltzman  Method 


'    The  principles  of  this  method  have  been 
used  for  ambient  air  sampling  for  over  14 
years   (Saltzman  1960,  Lyshkpw  1965).  By 
contacting  an  air  flow  with  a  liquid  diazotiz- 
ing-coupling  reagent,  the  NO2    (nitrite  ions) 
form  a  deeply  colored  azo  dye  which  is  measi^red 
colorimetrically .     The  absorbance  of  the  azo 
dye  is  dirpct^y  proportional  to  the  number  of 
NO2  molecules  in  the  air  stream  that  are  con- 
verted to  NO2 • 

This  continuous  method  is  applicable  for 
concentrations  from  18.8  ug/m^  to  1880  pg/m 
(•01-1  ppm) .     Apparently  there  is  some  ih^ 
terference  from  ozone.     This  Is  a  negative 
interference  reported  as  5.5  percent  for 
NO3/NO2  =  1,   19  percent  for  O3/NO2  =  2  and 
32  percent  for  Oo/NO^  =  3    (Federal  Register 
1973)  . 

This  method  has  the  drav/back  of  requiring 
considerable  skill  and  effort  for  calibration 
and  .maintenance,   especially  replacement  of  the 
liquid  reagent. 


Chemiluminescence  Method 

The  chemiluminescence  instrument  repres- 
ents a  major  break  v/ith  absorbing  v/et  chemistry 
methods  of  ambient  air  sampling.     Figure  App. 
14-B3  schematically  illustrates  the  NOx  chemi- 
luminescent  analyzer   (Federal  Register  1973) . 
In  general,   the  analyzer  drav/s  an  air  sample 
into  a  light-tight  reaction  chamber  and  mixed 
v/ith  ozonated  air.     The  chemiluminescence  pro- 
duced by  the  reaction  of  nitric  oxide  is  measured 
by  a  photomultiplier  tube,   and  the  data  is 
stored  in  a  peak-holding  amplifier. 

The  first  generation  chemiluminescence  in- 
struments alternately  sampled  NO  and  total  NOx. 
The  total  NQx  was  determined  by  converting  all 
NO2  to  NO  arid  measuring  as  described  above. 
The  difference  between  total  NOx  ^and  NO  was 
taken  as  NO2.     This  1-minute  cycling  of  samples 
often  gave  negative  NO2  values  when  NO  concen- 
trations were  high  and  rapidly  varying,   such  ^ 
as  near  traffic.     The  latest  analyzers  Operate 
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v/ith  dual  chambers  or  a  rapidly  cycling  single 
chamber^     Thia  improvement  has  apparently  re- 
moved spurious  negative  values. 

Since  the  instrument  measures  the  light 
emissions  of  individual  molecules,   its  lov/er 
detectable  values  are  dependent  on  photo- 
multiplier  sensitivity.     The  lower  limit  of 
this  method  is  approximately  9.4  ua/m^ 
(0.005  ppm) .  3 

The  direct  measurement  of  NO  has  no  in- ^ 
terferences.     Hov;ever,   the  conversion  of  NOx  to 
WO  by  the  converter  can  decompose  unstable 
^  nitrogen  compounds  to  give  a  falsely  high  NOx 
reading.     Fortunately  interference  is  small 
(Federal  Register  1973) . 


Selection  of  a  Nev;  Federal  Reference  r4ethod 

An  extensive  field  study  is  nov/  being  con- 
ducted by  EPA  to  determine  the  proper  priority 
classifications  of  numerous  air  quality  control 
regions.     The  arithmetic  average  results  for 
42  regions  by  simultaneous  analysis  vjith  the 
Tentative  Candidate  Chemiluminescent  Method 
and  the  Tentative  Candidate  Arsenite  Method  have 
been  tabulated  in  38  FR  15174.     Figqre  App.  14-B4 
shows  a  plot  derived  from  these  data  by  Saltzman. 
Even  though  the  methods 'v/ere  selected  as  best, 
after  much  testing,   there  is  a  disturbing 
scatter  in  the  comparison  plot.     The  straight 
line  fit  by  the  method  of  least  squares  has  the 
equation: 

Y  =  0.51  X  +  25.2 

The  diffuculty  and  expense  of  validating  ana- 
lytical methodology  has  been  grossly  under- 
estimated in  thp  pasr. 


Calibration  Techniques 

Standardized  calibration  techniques  are 
essential  to  all  ambient  air  quality  monitoring. 
Precise  procedures  for  calibration  of  each  of 
the  tentative  NO2  methods  are  given  in  38  FR 
15174.     There  are  two  techniques  described: 
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N02  permeation  tube  and  dilution,  anff  gas- 
phase  titration. 

The  latter,   gas-phase  titration,  is 
diagrammed  in  Figure  App.   14-B5   (Federal  Register 
1973) .     This  apparatus  can  calibrate  chemilumi- 
nescent  NO,  NO2 ,  and  O3  instruments. 
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APPENDIX  14-C 
PROJECTIONS  OF  FUTURE  NOx  EMISSIONS 


TOTAL  EMISSIONS:  1972-1990 

Total  emissions  of  nitrogen  oxides  projected 
to  1990  assumrng  implementation  of  the  present 
statutory  program  for  NOx  control  are  displayed 
in  Table  App.   14-Cl  and  Figure  14-16  in  Chapter 
14.     This  estimate  projects  a  36  percent  in- 
crease in  total  emissions  from  1972-1990.  The 
largest  increases  in  emissions  v/ill  be  produced 
by  industrial  process  losses    (98  percent) ,  non- 
highv/ay  transportation   (72  percent)  ,  industrial 
fuel  combustion   (54  percent)    and  electric  pov/er 
generation   (49  percent)  .     Highv/ay-related  trans- 
portation emissions  v/ill  decline  by  24  percent 
during  this  period  assuming  the  statutory 
emission  standards  for  automobiles  are  achieved. 
The  estimate  is  considered  to  be  conservative 
since  it  assumes  that   (1)  most  new  electric 
pov/er  generation  will  be  produced  by  nuclear 
reactors,    (2)   the  statutory  automotive  emission 
standards  will  remain  in  effect  and  be  achieved 
and   (3)    the  1940-1970  anmial  growth  rate  of  NOx 
emissions  from  industrial,   commercial  and  insti- 
tutional fuel  combustion  will  slow  during  the 
next  two  decades . 

Emission  projections  for  electric  power 
generation  are  based  on  recent  electric  gener- 
ation forecasts  by  the  Federal  Energy  Admini- 
stration  (USEPA  1975)   and  the  National  Academy 
of  Engineering   (NAE  1974).     These  projections 
are  discussed  in  greater  detail  below. 

Industrial  fuel  combustion  emissions  of 
nitrogen  oxides  grew  at  the  rate  of  9.5  percent 
per  year  during  the  1960-1972  period  due  to  a 
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large  increase  in  natural  gas  and  industrial 
process  gas  combustion.     in  this  projection  it 
is  assumed  that  the  growth  rate  will  slow  to 
approximately  2.5  percent  per  year  through  1990 
due   (1)    to  a  gradual  shift  to  purchase  of  elec- 
tricity from  utility  companies,   and   (2)    to  an 
assumed  3  percent  annual  growth  rate  in  use  of 
natural  and  industrial  process  gas,   and  in  the 
use  of  coal.     A  3  percent  grov/th  rate  for  indus- 
trial process  gas  use  follows  the  growth  rate 
for  steel  and  petroleum  production.     No  increase 
in  oil  consumption  is  assumed  after  1975.  Since 
there  are  no  federal  new  source  performance 
standards  and  few  state  regulations  for  NOx 
emissions  from  medium-sized  and  small  boilers, 
all  emissions  are  uncontrolled.     Because  histori- 
cal trends  show  a  much  larger  grov/th  rate  than  as- 
sumed here,   these  projections  are  considered  con- 
servative. ' 

NOx  emissions  from  commercial  and  insti- 
tutional fuel  combustion  have  grown  at  the  rate 
of  4.5  percent  per  year  over  the  last  three 
decades.     in  this  projection  it  is  assumed  that 
the  growth  rate  will  slovj  to  approximately  2  per- 
cent per  year  through  1990  due  to   (jf)   a  gradual 
shift  to  the  purchase  of  power  for  space  heating 
and  electricity  from  utility  companies,  and 
(2)   energy  con  servant  ion  measures       No  con  trols 
vj.-  re  assumed  for  industrial  fuel  ttombustion 
o^ources.     These  projections  are  also  quite  con- 
servative since  they  depart  significantly  from 
historical  trends. 

Residential  fuel  combusti'%1  emissions  of 
NOx  have  decj^dned  at  the  rate  of  2  percent  per 
year*t)ver  the^^ast  three  decades.     This  is 
primarily  due  to  a  shift  in  fuel  usage  from 
coal  to  distillate  oil  and  natural  gas  and  to 
the  purchase  of  power  for  space  heating  from 
electric  utilities.     In  this  projection  it  is 
assumed  that  residential  emissions  will  grow 
1  percent  per  year  through  1990  since:      (1)  the 
benefits  of  a  coal  to  oil  or  natural  gas  shift 
will  all  have  been  realized  by  1975;    (2)  the 
number  of  housing  units  increase  at  a  rate  of  2 
percent  per  year;   and   (3)    approximately  half  of 
the  new  housing  units  will  be  heated  by  electri- 
city. 

Lack  of  knowledge  of  NOx  emission  factors 
from  industrial  process  losses  in  the  past  make 
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historical  trends  for  these  coerces  difficult  to 
interpret.     It  is  assumed  that  refinery  emissions 
v/hich  amount  to  86  percent  of  all  industrial 
process  loss  emissions,  v;ill  increase  at  the 
rate  of  4  percent  per  year,  which  is  the  growth 
rate  for  petroleum  usage.     Since  there  are  no  - 
federal  new  source  performance  standards  for 
NOx  from  refineries  it  is  assumed  that  these 
sources  will  be  uncontrolled'.     Nitric  acid  manu- 
facturing emissions  of  NOx  are  assumed  to  grow 
at  2.6  percent  per  year  which  reflects  the  mix 
of  old  and  new  sources  and  the  90  percent  control 
of  emissions  from  new  sources  required  by  federal 
new  source  performance  standards.     These  emission 
estimates'  are  conservative  since  baseline  1972 
petroleum  refinery  emissions  are  probably  under-' 
estimated . 

NOx  emissions  from  solid  waste  disposal 
grew  at  a  rate  of  4  percent  per  year  from  1940- 
1970  due  to  open  burning  and  incineration. 
State  implementation  plans  required  by  the  Clean 
Air  Act  will  eliminate  most  of  the  open  burning 
emissions  so  that  it  is  more  realistic  to  assume 
only  a  1  percent  annual  growth  rate  of  such 
emissions  through  1990.     The  scarcity  of  land 
for  sanitary  landfill,   and  the  increase  in  per 
capita  solid  waste  production  will  probably 
result  in  at  least  a  5  percent  annual  growth  rate 
in  incineration  emissions ,     Overall ,    it  is 
assumed  that  solid  waste  emissions  will  grow  at 
a  rate  of  2.6  percent  per  year. 

Non-highway  transportation  sources  grew 
at  the  rate  of  5  percent  per  year  from  1940-1960 
I    and  12.5  percent-per  year  from  1960-1970*  As 
reliance  on  petroleum  products  decreases  with 
energy  conservation  measures,   this  projection 
assumes  that  the  growth  rate  will  slow  to  4  per- 
cent per  year  through  1980  and  3.8  percent  per 
year  from  1980-1990.     The  slower  increase  in  the 
1980-1990  period  is  due  to  the  effect  of  new 
aircraft  emission  standards  effective  on  1979 
/and  later  model  year  aircraft  engines.  Again, 


it  is  likely  that  the  estimates  are  conservative 
since  they  depart  Significantly  from  historical 
trends . 
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ELECTRIC  POWER  GENERATION  EMISSIONS:  1972-1990 

Emission  projections  for  electric  pov/er  gen- 
eration v/ere  based  on  recent  electric  generation 
forecasts  by  the  Federal  Energy  Administration 
(USEPA  1975)   and  the  National  Academy  of  Engineer- 
ing   (NAE  1974) ,     These  forecasts  include  generat- 
ing capacity  and  actual  pov/er  output  for  1980  and 
generating  capacity  projections  for  19  85 .  Actual 
pov/er  output  for  1985  and  both  generating  capacity 
and  actual  pov/er  output  for  1990  v/ere  projected 
from  1972-1980  data  v/hich  indicates  a  6.5  percent 
annual  increase  in  pov/er  usage.     The  ratio  of 
actual  pov/er  output  to  generating  capacity,  i.e., 
load  factor,  v/as  assumed  to  remain  constant  from 
1980  to  1990  for  each  pov/er  source.     The  pro- 
jections of  generating  capacity,   actual  power 
output  and  emissions  are  summarized  in  Table 
App.  14-C2. 

As  seen  in  Table  App.    14-C2,   nuclear  power 
generation  v/ill  increase  significantly  from 
1972-1990  under  the  assumptions  of  Project  Inde- 
pendence.    Coal  generation  will  also  increase  and 
natural  gas  generation  will  decrease  by  10  percent 
duri^ng  that  same  period.     All  nev/  coal,  oil  and 
natural  gas  generation  is  assumed  to  meet 
federal  new  source  performance  standards  for 
NOx  emissions.     One-quarter  of  the  existing  plants 
are  assumed  to  be  retired  and  replaced  by  new 
facilities  every  5  years.     Resulting  emissions 
from  electric  power  generation  will  increase 
49  percent  from  1972-1990  due  to  the  increase  in 
emissions  from  coal  fired  plants. 

V    These  emission  estimates  reflect  the  pro- 
jected predominance  of  nuclear  power  in  electric  ' 
generation.     If  for  some  reason  a  decision  should 
(vjbe  made  not  to  bui-ld  any  new  nuclear  power 'plants 
after  1975,  quite  a  different  picture  v/ould 
emerge.     As  can  be  seen  in  Table  App.   14-C3  and 
Figure  App.    14-Cl,   such  a  policy  decision  would 
result  in  nearly  a  doubling  of  NOx  emissions  in 
1990  if  coal  fired  plants  provided  the  capacity 
that  was  projected  for  nuclear  power.     If  the 
projected  growth  of  nuclear  generation  were 
slowed  rather  than  halted  then  the  resulting  NOx 
emissions  would  fall  somewhere  between  the  pro- 
jected extremes  displayed  in  Table  App.  14-C3 
and  Figure  App.  14-Cl. 
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ROAD  VEHICLE  PROJECTIONS 


Past  highway  statistics    (FHA  1972)  6n 
vehicle-miles-of-travel   (VMT)   are  used  to  pro- 
ject NOx  emissions  to  1990  for  road  vehicles 
including  light-duty  passenger  vehicles,   light  and 
heavy  duty  gasoline  trucks  and  heavy  duty  diesel 
trucks  and  busq;S.     Three  options  for  control  are 
considered:      (1)   no  controls  on  NOx  emissions 
vjith  the  statutory  program  for  CO  and  HC  in 
effect;    (2)   a  5  year  delay  of  the  1977  statutory 
standards,   i.e.,   maintenance  of  the  interim 
standard  for  NOx  emissions  of  2  g/mile  until 
1983  ;   and   (3)    the  ^5r^sent  statutory  program 
(NOx  emissions  of  O.^'g/mile  by  1977).     Two  dif- 
ferent VMT  growth  rates  are  considered:      (1)  2 
percent  annual  increase  and   (2)    4  percent  annual 
increase.     The  former  assumes  stringent  gas 
conservation  measures  while  the  latter  assumes 
no  restraint.     The  resulting  projections  are 
displayed  in  Table  App.    14-C4  and  Figure  App. 
14-C2. 

The  present  statutory  program  wifll  result 
in  a  25  percent  reduction  in  1972  road  vehicle 
emissions  by  1990  for  a  VMT  growth  rate  of  4 
percent.     A  5  year  delay  of  the  1977  automotive 
standards  will  result  in  only  a  17  percent 
reduction  in  1972  emissions  by  1990  for  th^  same 
VMT  growth  rate.     In  addition  to  growth  in  total 
VMT,  growth  in  uncontrolled  heavy  duty  gasoline 
and  di'bsel  truck  usage  will  be  responsible  for 
the  fact  that  emission  reductions  predicted  in 
1990  are  considerably  smaller  than  the  percentate 
E^eduction  in  emissions  per  mile  required  by  the 
standards  for  light-duty  automobiles.  These 
heavy  duty  sources  become  major  contributors  to 
total  transportation  emissions  during  the  1980 *s. 
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^CHAPTER  15 
NITROGEN- OXIDE  CONTROL  TECHNIQUES 


OVERVIEW 


This  chapter  makes  substantial  use  of  reports 
Rn^  information  made  available  by  a  large  number 
of  government  and  private  institutions.     Special  • 
thanks  are  due  to^  tha  Combus-tion  Research  Section 
of  the  EPA  Control  System  Division. 

•  Throughout  this  section,  emissions  have  .been 

converted  to  lbs/10^  BTU  expressed  as  NO2  in  * 
order  to  facilitate  comparison  of  emissions  fiom 
different 'sources.     A  table  of  conversion  factors 
appears  inii^pendix  15-A. 

Typically,   nitrogen  oxides  are  formed  in 
localized,  high-temperature  regions  in  combus- 
tors  by  the  oxidation  of  both  atmospheric  nitro- 
gen  (thermal  NOx)   and  nitrogen  that  may  be  con- 
tained in  the  fuel    (fuel  NOx) .     The  formation 
of  NOx  in  combustipn  systems  can  be  suppressed, 
with  varying  degrees  of  success,  by  reducing 
the  oxygen  content  and  the  temperature  in  the 
localized  regions  in  the  combustor  contributing 
to  emissions,   usually  in  the  vicinity  of  the 
flame.     Reductions  in  the  oxygen  content  in  the 
flame  zone  reduce  the  emissions  of  both  fuel 
and  thermal  NOx;   reductions  in  temperature, 
however,   produce  significant  reductions  in  only 
the  thermal  NOx. 


Injection  of  cooled  combustion  products, 
steam,'  or  waiter  into  the  flame  volume;  reduct 
of  temperature  to  which  combustion  air  is 
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preheated;   and  extraction  of  heat  from  the  flame 
volume  are  methods  that  have  been  used  to  reduce 
the  temperature  in  the  combustor.     The  injection 
of  cooled  combustion  products  into  the  flame 
volume  can  be  achieved  externally  by  ducting 
relatively'  cool  combustion  products  to  th^e 
burner  area    (referred  to  as  flue  gas  recycle 
for. furnaces  or  exhaust  gas  recycle  for  engines) 
or  internally  by  modifying  the  burner  design  so 
as  to  induce  the  entrainment  of  colder  combus- 
tion products  by  the  hot  gases  leaving  a  burner. 

Methods  for  reducing  the  oxygen  content  in 
the  flame  zone  involve  lowering  the  volume  of 
air  supplied  to  the  burners  by  reducing  the 
overall  air/fuel  ratio  to  the  combustor  (refer- 
red to  as   low-excess-air  firing)    or  by  reducing 
the  air/fuel  ratio  for  some  burners  without  re- 
ducing the  overall  air/fuel  ratio   (referred  to 
as  staged  combustion) . 

JLow  excess-air  firing  can  achieve  modest 
reductions  in  NOx  emissions.   However,    its  appli- 
cation is   limited  by  the  ability  to  reduce  the 
air/fuel  ratio  to  burners  without  producing  ex- 
cessive emissions  of  carbon  monoxide  and  parti- 
culates . 

There  are  several  variations  on  staged  com- 
bustion,  referred  to  as  biased  firing,  off- 
stoichiometric   firing,   overfire  air  and  tv/o-stage 
combustion •     In  general ,    the  air/fuel  ratio  to 
some  or  all  of  the  burners  is  reduced,   to  as  low 
as  seventy  percent  of  the  value  required  for 
combustion.     The  combustion  is  then  completed  by 
the  addition  of  the  balance  of  the  air  require- 
ment after  an  interval   in  which  the  combustion 
product  is  allowed  to  partially  cool.     In  engines 
a  form  of  staged  combustion  is  achieved  by  stra- 
tifying the  fuel  charge  to  provide  local  regions 
of  relatively  high  fuel  concentration,  facilita- 
ting combustion  at  overall  air/fuel  ratios  con- 
siderably higher  than  those  practical  for  a  uni- 
form charge. 

Mafiy  of  the  results  reported  in  this  chap- 
ter are^  from  tests  performed  in  laboratories  or 
on  small-scale  units.     Some  of  the  results  point 
to  promising  techniques  or  methods   fol:  nitrogen 
oxide  emission  control .     However ,   it  should  be 
borne  in  mind  that  the  applicatijon  of  test  results 


ERLC 


8f) 


810 


to  large  scale,  operational  systems  often  intro- 
duces significant  problems,  many  of  which  are  in- 
dicated throughout  the  chapter.     The  success  of 
a  test  does  not  necessarily  imply  easy  transfer 
to  a  large,  commercially  practicable  system  and 
considerable  effort  is  being,   and  will  continue 
to  be,  directed  toward  the  resolution  of  the 
problems  which  ari^e  when  such  a  transfer  is  at- 
tempted. 1 

Utility  boilei!"s  and  gas  turbine  engines 
have  received  pniority  in  the  development  of 
nitrogen  oxide  emission  control  technology. 
Other  major  sources,   particularly  stationary 
reciprocating  engines,    have  received  relatively 

little  attention. 

Utility  Boilers 

As  noted   in  Chapter   14,   utility  boilers 
fired  by  coal    ,   gas,   and  oil  accounted  for 
nearly  half  of   the  stationary  emissions  of  NOx 
in  1972.     Based  upon  a  field  test  performed  by 
Esso  Research  and  Engineering  and  other  data, 
EPA  has  developed  emission  factors  which  indicate 
that  NOx  emission  rates  for  existing  boilers 
range  from  0.6  to  1.2   lbs/10^  BTU   for  coal-fired 
units,    from   .27  to   .7   lbs/10^  BTU  for  oil-fired 
units,   and   from   .12   to   .7   lbs/10^  BTU  for  tan- 
gentially  fired  boilers  using  gas.     The  lowest 
emissions  were  from  tangential ly-fired  units  and 
the  highest  from  units  with  intense  combustion. 
Emissions  decreased  substantially  with  decreased 
furnace  load. 

Low-excess-air   firing,   staged  combustion, 
flue-gas  recirculation,   water  injection  and  re- 
duced air  preheat  are  control  techniques  that 
have  been  successfully  demonstrated  on  field 
units.     The   latter  two  methods,   however,   have  an 
associated  and  usually  unacceptable  penalty  in 
thermal  efficiency  of   the  boiler.   Flue  gas  re- 
circulation is  most  effective  for  gas-fired  units 
but  is  relatively  uneffective  for  oil-fired  and 
coal-fired  units  in  which  the   fuel  NOx  contri- 
bution is  significant.     By  the  utilization  of  a 
combination  of  control   techniques  an  average 
reduction  in  emissions  of  60  percent  has  been 
achieved  for  gas-fired  units,   48  percent  for  oil, 
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and  37  percent  for  coal.     In  the  case  of  coal, 
the  locally  fuel  rich  conditions  may  contribute 
to  slagging  or  corrosion  problems.  Accelerated 
corrosion  testing  over  300  hours  showed  no 
adverse  effects  but  longer  range  trials  for  a 
wide  range  of  coals  are  needed  before  the  control 
techniques  can  be  commercially  accepted- 

The  applicability  of  combustion  process  mod- 
ification to  existing   furnaces  must  be  evaluated 
on  a  case-by-case  basis.     Boilers  can  generally 
be  adapted  for  low-excess-air   firing  and  staged 
combustion  without  major  modification.  Flue-gas 
recirculati'bn,   however,   may  be  impractical  for 
retrofitting  except  on  units  which  have  had  the 
ducting  already  installed  for  steam  temperature 
control.     The  capital  costs  vary  widely  with 
specific   installation  size  and  design;    they  range 
from  under  $0.50/KW.  for  staged  combustion  to 
$6.0/KW  for   flue  gas  recirculation  on  existing 
units  and   from  negligible  costs  for  staged 
combustion  to  $4.0/Kl^  for   flue  gas  recirculation 
on  new  units- 

Equipment  manufacturers  can  meet  existing 
emission  standards  on  new  units  but  usually 
speci f y  an  upper   limit  on  the  nitrogen  content 
of  the  fuel  oils  that  can  bo  burned  without 
exceeding  the  standards-     EPA  has  proposed 
emission   levels  that  might  bo  achieved  in  the 
future:    0-12   lb/10^  BTUdOO  ppm)    for  gas,  0.20 
lb/10^  BTU(150  ppm)    for  oil,   and  0-28  lb/10^  BTU 
(200  ppm)    for  coal  by  1980;   and  0.06  Ib/lO*^ 
BTU (50  ppm)    for  gas,    0-12   lb/10^  BTU (90  ppm) 
for  oil,    and  0.-14   lb/10^  BTUdOO  ppm)    for  coal 
by  1985.     These  are  technological  *  goals  that  can 
probably  be  met  on   individual  units  if  adequate 
research" is  carried  out  on  new  control  techni- 
ques,  pilot-plant  cb^velopment  and  field-demon- 
stration.     It  should  bo  recognized  that  high- 
intensity  "  combos  t  ion  burners  may  bo  required  to 
burn  certain  typfe,  of  coals,   and  those  will 
yield  higher  emissions   than  the  projected  goals- 
Further,    there  is  a  significant  lag  time  between 
the  development  of  new  designs  ^nd  installation 
of   field-units  by  the  utilities. 

Industrial  Boilers 
Most  boilers  with  10  to  500  million  BTU/hr 
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capacity  can  meet  the  nev/  source  perf ormanc^^ 
standards  for  units  greater  than  250  million 
BTU/hr  capacity  v/ith  only  minor  modifications 
in  operating  conditions.     Still  lov/er  emission 
levels  are  possible,  but  redesign  of  the  boilers 
v/ould  be  required  to  allow  of f -s toichiometric 
or  staged-combus tion  in  units  burning  heavy 
fuel  oils  or  coal  since  very  few  existing  units 
possess  the  necessary  flexibility.  Problems 
vjhich  must  be  considered  in  the  design  of  nev/ 
units,   and  particularly  in  the  modification  of 
existing  units ,   include  corrosion  and  deposits 
on  boiler  tubes, flame  instability,   and  combustion 
noise.     The  level  of  control  that  is  achievable 
on  industrial  boilers  is  close  to  but  not  as 
great  as  that  attainable  with  utility  boilers. 


Commercial  and  Residential  Space  Heating 

Small  space  heating  equipment    (less  than 
10  million  BTu/hr)    fueled  with  natural  gas  or 
distillate  oil  generally  has  the  lowest  specific 
NOx  emissions  of  any  c^^ss  of  combustion  equip- 
ment   (i.e.,   0.05  to  0.2a  lb  NO2/10^  BTU)    and  pro- 
duces aDout  seven  percent  ot  the  stationary 
source  NOx.     Existing  units  have  little  flexi- 
bility for  NOx  control,   and  the  emissions  are 
unaffected  by  normal  maintenance  operations. 
Combustion  improving  devices  generally  increase 
NOx  emissions  by  producing  a  more  intense  flame 
region,  but  optimized  burners,   based  either  on 
conventional  designs  or  on  new  combustion  con- 
cepts such  as  catalytic  combustion,  which  emit 
from  0.015  to  0.05  lb  NO2/10^  BTU  have  been' 
demonstrated  in  tests. 


Stationary  Engines 

About  18.8  percent  of  the  stationary  source 
NOx  is  produced  by  reciprocating  engines.  Spark- 
ignition  gas  engines  produce  about  63  percent 
of  the  engine  NOx,  primarily  in  applications 
associated  with  the  gas  industry,   i.e.,  pipe- 
lines and  natutal  gas  production  and  processing. 
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Moderate  reduction  in  NOx  emissions  trom  these 
engines    (20  to  40%)   can  be  achieved,  while  re- 
ducing fuel  consumption,  by  coolind  the  fuel/ 
air  mixture.     Further  reduction-s  in  NOx  emissions 
from  existing  engines  are  possible  J  but  have 
generally  been  accompanied  by  a  sicjnificant  in- 
crease in  fuel  consumption.     New  engine  designs, 
such  as  those  using  stratified  charge  concepts, 
may  produce  substantial  reductions   in  NOx 
without  increasing  fuel  consumption;  however, 
further  development  work  is  required. 

Diesel  engines  produce  about  3  4  percent  of 
the  engine  NOx  in  agricultural  and  industrial 
applications.     As  in  spark  ignition  engines, 
cooling  the  intake  air,  can  reduce  NOx  emissions 
v/hile  decreasing  the  fuel  consumption.  Water 
injection  can  also  reduce  NOx  emissions  *r/ith 
little  change  in  fuel  consumption;  however, 
corrosion  may  be  a  problem,   particularly  if  the 
engine  is  used  on  a  standby  basis.     NOx  emis- 
sions .have  been  reduced  by  as  much  as  50  percent 
with  little  penalty  in  fuel  consumption,  but 
lower  emission  levels  -may  require  substantial 
engine  redesign,   e.g.,   prechamber  engines;  or 
exhaust  gas  treatment  using  catalytic  reduction 
of  NO  to  N   ;   or  may  result  in  significant  in- 
creases in  fuel  consumption.     EPA  proiects 
that  emission  levels  of  0.14  lb  NO2/IO6  BTU  for 
spark  ignition  gas  engines  and  0,16  lb  NO2/10^ 
BTU  for  diesel  engines  may  be  reasonably  achieved 
by  1980,  but  there  may  be  some  increase  in  fuel 
consumption . 

Stationary  gas  turbine  NOx  emissions  can  be 
reduced  to  the  levels  of  currently  proposed 
emission  standards  through  the  use  of  steam  or 
water  injection  into  the  combustion  chamber. 
Further  reductions  are  possible  through  combuster 
design  modifications  including  use  of  out^of- 
line  combustion  chambers;    improved   fuel  atomiza- 
tion  and  mixing;   prevaporized ,   premixed  combus- 
tion;   internal  recirculation  of  combustion  pro- 
ducts;  and  surface  combustion.     The  use  of  heavy 
fuel  oils,   rather  than  natural  gas  or  distillate 
oils,  will  probably  result  in  higher  emission 
levels  due  to  fuel  nitrogen  and  may  require  new 
measures  to  control  NOx. 

The  efficiency  of  gas  turbines  varies  from 
24  percent  for  simple  cycle  gas  turbines  to  more 
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than  4  0  percent  for  combined  gas  turbine  -  steam 
turbine  cycles.     Emission  standards  based  upon 
thermal  input   (e.g.,   lb.NOx/106  bTU  or  ppm  NOx  at 
15     percent  oxygen)   provide  no  credit  for  higher 
efficiencies  and,   in  fact,  may  inhibit  the  develop- 
ment of  more  efficient  systems. 

Fluidi^zed  Bed  Combustion 

Fluidized  bed  combustion  of  coal  provides 
a  potential  alternative  to  current  utility 
boiler  design  that  is  competitive  when  a  lov/- 
sulfur  fuel  or  flue-gas   treatment  is  required 
to  meet  the  emission  standards   for  sulfur 
oxides.     Atmospheric  pressure  and  pressurized 
combustors  with  dolomite  injection  for  control 
of  sulfur,  oxide  emissions  are  at  a  pilot-plant 
stage.     A  demonstration  of  a  30  MW  atmospheric 
pressure  f luidized-bed  combustor  is  scheduled 
for  1975  and  it  is  projected  that  200  MW  and 
800  MW  units  may  be  built  as  early  as  1977  and 
1980,  respectively. 

At  the  low  temperatures  of  operation  of 
fluidized  bed  combustors,   typically  1500F  to 
1800F,  most  of  the  NOx  is  contributed  by  the 
oxidation  of  fuel  nitrogen.     Tests  on  laboratory 
and  pilot-scale  f luidized-bed  combustors  have 
yielded  emissions  that  meet  the  current  stan- 
dards  for  new  coal-fired  units.     Emissions  as 
low  as  0.11  lbs/10^  BTU  have  been  obtained  without 
the  benefit  of  staging.     Tests  on  larger-scale 
units  are  needed  to  establish  practical  emission 
levels   for  commercial  units. 


Tall  Stacks  and  Intermittent  Control  Strategies 

The  only  intermittent  control  strategy 
that  appears  practical  for  NOx  emission  reduc- 
tion is   load  switching  of  electric  power  gene- 
ration.    Load  switching  has  limited  applicabi- 
lity because  of  the  variability  in  the  contri- 
bution of  electric  power  generation  to  local 
emissions.     The  advantages  of  tall  stack  re- 
lease of  sulfur  dioxide  to  reduce  ground  level 
concentrations  do  not  apply  for  NO.     Tall  stacks 
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potentially  reduce  ground  level  NO  concentrations; 

-  hov/ever,   NO  converts  to  nitric  acid  and  nitrates 
faster  than  doeSvS02  to  sulfuric  acid  and  sul- 
fates and  since  tne  reaction  products  precipate, 
there  is  a  greater  [:)otential   for   local  impact. 
There  is  considerable  uncertainty  about  the 

^  effects  of  NOx  release  from  tall  stacks  on  the 
formation  of  photochemical  oxidants  and  the 
ground  level  concentrations  of  oxidants  and 
nitrogen  dioxide. 


Future  Trends 

A  major  shift  from  gas  to  coal   is  expected  ^ 
in  fuel  utilization   for  utility  boilers,   and  to 
a  lesser  extent  smaller  combustors.  Emissions 
v/ould  be  expected  to  increase  unless  new  levels 
of  control  are  achievable  for  the  combustion  of 
coal.     Shale  and  synthetic  fuels   from  coal  may 
have  higher  nitrogen  contents  than  existing 
fuels  and  may  yield  high  NOx  emissions. 

Although  significant  success  has  been 
achieved  in  reducing  NOx  emissions   from  station- 
ary sources,   the  reductions  that  have  been 
achieved,    typically  50  percent,   are  much  smaller 
than  existing  potential.     New  combustion  systems, 
utilizing  surface  or  catalytic  combustion,  have 
the  potential  to  eliminate  thermal  NOx.  Signi- 
ficant reduction  in  the  emissions   from  coal-fired 
units  have  been  achieved  by  burner  modification 
on  a  pilot  scale,   and  the  potential  exists  of 
designing  burners  with  emission  levels   for  coal 
below  0.2   lb/10^  BTU. 

Flue  gas  treatment  is  more  expensive  than 
f-ombusfion  process  modification  but  at  present 
can  attain  much  higher  reduction  in  NOx  emis- 
sions. A  number  of  flue  gas  treatment  methods 
are  at  a  pilot  plant  demonstration  stage,  pri- 
'marily  in  Japan. 


Institutional  Constraints 

The  reduction  of  NOx  f rom  stationary  sources 
is  subject  to  a  number  of  economic  and  logistic 
constraints.     Capital  availability  may  limit  the 
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rate  at  which  nev;,   more  expensive  equipment  v;ith 
reduced  NOx  emissions  can  be  brought  on  line 
and  may  severely  constrain  the  rate  at  v;hich 
existing  equipment  is  brought  into  compliance 
with  emission  standards  by  retrofit.  Increased 
operating  costs  due  to  new  maintenance  require- 
ments,   increased  fuel  consumption,  decreased 
capacity ,  or  increased  labor  to  provide  the  ' 
closer  control  of  combustion  conditions  required 
for  NOx  control  must  also  be  factored  into  the  - 
decision  making  process. 

Equipment  outages  for  modification  of 
existing  facilities  present  an  additional  con- 
straint,  particularly  in  the  electric  utilities. 
Some  modifications  may  be  prepared  in  advance 
and  installed  during  scheduled  outages;  however, 
prolonged  outages,   which  may  be  required  for 
the  modification  of  some  units,   may  strain  the 
system  generating  capacity  and  v;ill,  therefore, 
require  careful  scheduling  in  order  to  permit 
utilities  to  meet  demand.     The  logistics  of 
modifying  a  very  large  number  of  units  of  diverse 
types  may  inhibit  the  retrofit  of  smaller  sources. 

NOx  control  techniques  have  been  developed 
for  those  applications  for  which  emission  regu- 
lations have  been  proposed    (e.g.,  utility  boilers 
and  stationary  gas  turbines)' providing  an  eco- 
nomic  incentive  for  equipment  manufacturers  to 
develop  NOx  controls.     Where  funding  has  been 
available  for  research  on  NOx  control,  significant 
progress  has  been  made  toward  developing  control 
techniques.     On  the  other  hand,   there  is  little 
incentive  to  develop  burners  or  small  package 
boilers  with  low-NOx  emissions,   so  progress  in 
development  is  *slov7  for  these  systems.  Reduction 
of  NOx  emissions  from  systems  for  which  develop- 
ment incentives  do  not  exist,    (e.g.,  industrial 
process  furnaces)   has  received  little  attention. 
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Stationary  Sources  of  Nitrogen  Oxides 

Stationary  sources  currently  contribute 
more  than  half  of  the  man-made  emissions  of 
NOx  in  the  U.S.     The  NOx  emissions  are  dominated 
by  combustion  sources  burning  coal,  gas,  and 
oil    (Mason  and  Shimzu  1974) .   The  major  sources 
are  utility  boilers  and  stationary  engines. 
Nitric  acid  and  nitrogen  fertilizer  plants 
contribute  a  small   fraction  of  the  national 
total,   although  their  emissions  may  be  locally 
significant  in  some  areas. 

The  nitrogen  oxides  emitted  by  combustion 
sources  are  predominantly  in  the   form  of  nitric 
oxide    (NO)   with  the  residual,   usually  less  than 
5  percent,   in  the  form  of  nitrogen  dioxide 
(NO2) .     The  oxides  are  formfed  either  by  the 
oxidation  of  atmospheric  nitrogen  at  high 
temperatures    (thermal  NOx)    or  by  the  oxidation 
of  nitrogen  compounds  in  the  fuel    (fuel  NOx). 
The  relative  contributions  of  thermal  and  fuel 
NOx  depend  on  combustor  design  and  operating 
conditions,   as  well  as  on  the  nitrogen  content 
of  the  fuel.     As  much  as  half  of  the  total 
stationary  emissions  may  be  contributed  by  the 
oxidation  of  the  nitrogen  in  the   fuel,  primarily 
in  units  burning  heavy-oils  and  coals. 


The  technology  for  control 1 ing  the  emission 
of  nitrogen  oxides   from  combustion  sources  is 
based  on  either  the  modification  of  the  combustion 
process   to  prevent  f6?:mation  of  the  oxides  or  the 
treatment  of  the  product  gases  to  destroy  or 
remove  the  oxides.     The  latter  option  is  made 
difficult  by  the  relative  inertness  and  insolu- 
bility of  NO;  wherever  combustion  process  modi- 
fication h^s  yielded  the  needed  reduction  in 
NOx  emissions,   it  has  proven  to  be  the  most 
economical  method  for  doing  so.     In  some  cases, 
where  stringent  emis sion  controls  have  been 
imposed  on  combustion  sources,   a  combination  of 
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combustion  process  modification  and  product 
gas  treatment  has  been  proposed    (Tohata  1974) . 
For  NOx  emissions  from  chemical  plants,  a 
variety  of  control   techniques  are  available, 
includ  ing  catalyt  ic  des tract  ion ,   af terburninq , 
absorption  and  adsorption. 

MECHANISMS   FOR  NITRIC   OXIDE  FORMATION 

Thermal  Fixation  of  Atmospher io/lfiJ^ogen 

The   formation  of   thermal  NOx  is*^etermined 
by  highly  temperature  dependent  chemical  reactions, 
the  so-called  Zeldovich    (1946)    reactions.  The 
rate  oi.f   formation  is  significant  only-  at  high 
temperatures    (greater  than  3300F)   and  doubles 
for  every  increase  in  flame  temperature  of  about 
70F.     The  rate  of   formation  increases  with  in- 
creasing oxyg-en  concentration    (rate  proportional 
to  the  square  root  of   the  oxygen  concentration) 
except  in  a  small  regir^n  near  the  flame  zone  in 
which  superequilibrium  concentrations  of  oxygen 
atoms  are   found    (Thompson  et  al.    1972,  Sarofim 
and  Pohl   1973,Livesey     et  al.    1971).  Although 
the  NOx  emitted  by  most  practical  combustors  is 
predominantly  in  the  form  of  NO,    there  is  evi- 
dence from  laboratory  studies  that  a  significant 
fraction  of   the  NOx  may  be  present  as  NO2  in 
localized  regions  of  a  flame    (Merryman  and  Levy 
1974). 


Formation  of  Fuel  NOx 

An  upper  bound  for   the  potential  contribu- 
tion of   fuel-nitrogen  to  NOx  formation  may  be 
gauged  from  the  nitrogen  content  of  fuels. 
Natural  gas  has  negligible  amounts  of  organically 
bound  nitrogen,   U.S.   crude  oils  have  nitrogen 
concentrations  tha^  average  about  0.15  percent 
by  weight    (Martin  and  Berkau,   Ball  et  al.  1951) 
and  U.S.   coals  have  nitrogen  concentrations  that 
average  about  1.4  percent  by  weight.     The  nitro- 
gen content  in  the  crude  oil  varies  between  oil 
fields    (Table   15-1) ,   and  is  high  for  California 
oils.     During   the  refining  of  oils,   the  nitrogen 
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concentrates  in  the  heavy  fractions  so  that, 
residual  oils  from  a  California  crude  may  have 
as  much  as  1.1  percent  nitrogen  whereas  light 
distillate  oils  generally  have  nitrogen  concen- 
trations under  0.1  percent.     The  spread  in 
nitrogen  concentrations   for  coals  is  shown  in 
Figure   15-1.     The  concentration  is  reported  as 
lbs-N02  per  million  BTU  assuming  100  percent 
conversion  of  fuel  nitrogen  to  NO2.     Also  shown 
on  the  plot  are  the  sulfur  concentrations,  repor- 
ted as   lbs-SO2/10^  BTU,   and  the  percentage  of 
U.S.   coal  reserves  that  have  nitrogen  and  sulfur 
concentrations  belov/  certain  levels.     There  is 
no  apparent  correlation  betv/een  coal  nitrogen 
content  and  coal  ^sulfur  content. 

A  fraction  of  the  fuel  nitrogen  is  conver- 
ted to  nitric  oxide  in  practical  combustors. 
Tests  on  carefully  controlled  laboratory-scale 
units  have  typically  shown  that  15  to  100  per- 
cent of  the  fuel  nitrogen  is  converted  to  NOx 
(Figure  15-2),  v/ith  the  higher  conversion  effi- 
ciencies obtained  when  the  nitrogen  content  is 
lovj  or  when  the  combustor  is  operated  lean. 

Because  it  is  not  easy  to  separate  the 
contribution  of   fuel  NOx  from  thermal  NOx,  the 
conversion  efficiency  of  fuel  nitrogen  to  NOx 
in  large  scale  units  is  not  known  with  cer- 
tainty, but  estimates  obtained  from  field  tests 
shov/  trends  similar  to  those  obtained  in  the 
laboratory.     A  plot  of  the  total  uncontrolled 
NOx  emissions  from  large  and  small  scale  Units, 
Figure  15-3,   suggests  that  the  emissions  in- 
crease with  increases  in  fuel  nitrogen  content 
for  units  ranging  in  size  from  laboratory  units 
,    to  utility  boilers.  Emissions  from  large  gas- 
fired  units  account  for  the  hi^h  emission  data 
at  zero  nitrogen  con  tent . 

The  mechanism  by  which  the  fuel  nitrogen 
is  converted  to  nitrogen  oxides  is  imper f ec t ly 
understood.     The  conversion  ef f iciiency  of  fuel 
nitrogen  to  NOx  is  found  to  increase  markedly 
wi th  increased  oxidi zing  conditions  in  the  f lame 
but  is   insensitive  to  changes  in  temperature 
(Fenimore  1972,   Martin  and  Berkau) . 
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FACTORS   INFLUENCING  NOx  EMISSIONS 

The  rate  of  formation  of  nitric  oxide  in 
flames  by  the  tvjo  mechanisms  discussed  above  is 
*a  sensitive  function  of  oxygen  content  and,  for 
thermal  NOx  ^temperature .   ,  Any  factor  vjhich  in- 
fluences -temperature  and  oxygen  concentration 

.  pcofiles  in  combustors  may  therefore  have  an 
influence  on  NOx  emission.     This  makes  general- 
izations for  practical  systems  difficult  since 
fuel/air  ratios^   fuel/air, mixing  patterns,  fuel 
type,   interaction  of  different  burners,  and 
placement  9f  heat  transfer  Surfaces  all  in- 
fluence emissions .Addi tional  complications  are 
introduced  by  the  fact  that  NO Jgay  be  reduced 
by  reactions  with  hydrocarbon^^^P^f  flames  and 
that  hydrocarbons  can  react  ^jith  atmospheric 

*  ni trogen  to  form  ni trogen-con tainiMg  compounds  ^ 
that  are  in  turn  oxidized  to  nitrijc  oxide.  The 
following  sections  indicate  some  o^^bhe  factors 
that  influence  emissions. 

-  / 

Air  Preheat 

Incteased  air  preheat  increases  flame 
temperature  and  the  contribution  of  thermal 
iSIOx.     The  increases  observed  in  practice  for 
premixed  flames  are--.in  agreement  with-^ predictions 
from  theory   (Lange  1972)  .       Reducing  air  pre- 
heat has' been  shown  to  decrease  emissions  on 
full-scale  utility  boi lers  (Blakeslee  and  ^ 
Burbach  1972)   but  it  carries  with  it  an  ."associa- 
ted penalty  in  thermal  efficiency. 

On  the  other  hand^in  reciprocating  engines 
reducing  the  inlet  air  temperature  increases 
efficiency  and  i-s  thus  a  very  attractive  NOx 
control  technique  for  these  systems. 


Water  or  Steam  Injection 

Flame  temperatures  can  be  reduced  through 
the  use  of  steam 'or  water  injection.     A  90  per- 
cent reduction 'in  NOx  emissions  has  been  achieved 
by  the  use  of  15  percent   (by  weight)  water, in 
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thp  fuel  air  mixture  in  a  gas-fired  system 
(Halstead  et  al.    1972).     The  water  may  tee  intro- 
\   duced  by  forming  a  water-iri-oi 1  emulsion  which 
^has  the  additional  benefit  of  providing  better 
fuel  atomization  and  lower  soot  and  particulate 
emissions   (Toussaint  and  Heap  1974).     Water  in- 
jection,  as  expected,   has  little  effect  in  con- 
trolliag  the  emission  of  fuel  NOx  since  fuel 
NOx  formation  is  insensitive  to  temperature 
changes.     Although  the  effectiveness  of  water  , 
injection  for  reducing  NOx  emission-  has  been 
demonstrated  on  a  full-scale  utility  boiler 
(Blakeslee  and  Burbach  J^972)  ,   the  associated 
loss  in  thermal  efficiency  was  high.     The  major 
-application  of  water  injection  for  NOx  control 
is  in  engines  where  it  provides  substantial 
NOx  reductions  without  incurring  large  losses 
in  fuel  economy. 

Flue  Gas  Recirculation  f 

The  recirculation  of  flue  gases  reduces  . 
temperature  and  dilutes  the  oxygen  in  the  air. 
It  reduces  thermal  NOx  by  an  amount  equal  to 
tkat  of  an  equivalent  thermal   load  of  water 
injection,  and  has  little  influence^on  fuel 
NOx.'  To  be  effective  the  flue  gas  has  to  be  in- 
jected irrto  the  flame  zone.    ^  A.  recirculation  of 
10  percent   (by  weight)   of  the  flue  gases  has 
achieved  a  60  percent   lowering  of  thermal  NOx 
and  20  percent  flue  gas  recycle  a  75  percent 
reduction  on  a  small  scale  furnace   (Halstead  et  al . 
1972) .     Flue  gas  recycle  is  sometimes  used  in 
furnaces  for  temperature  control.     In  such 
cases,   th^  cost  of  implementing  NOx  control  is 
small;   otherwise  the  cost  of  installation  of 
ducting  makes  flue  gas  recycle  impractical  in 
retr^of itting  units.     Flue  gas  recycle,   unlike  ^ 
water  injection,  does  not  have  an  adverse 
X      effect  on  the  thermal  efficiency  of  a  furnace, 
but  does  on  an  engine,  - 


Furnace  Load  and  Size 
As  the  size  of  a  furnace  of  a  given  type 
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incroasesi  the  omi.ssions  per  unit  weight  of 
fuel   irtc-rease  slicjhtiy    (Woolrich   1961).  This" 
is  consistent  with  the  postulate  that  flames 
radiate  less  effectively  to  the  walls   in  larger 
furnaces  and,    therefore,   are  somewhat  hotter. 
Tlie   level  of  emissions  per  unit*  weight  of  fuel 
varies  much  more  dramatically  with  furnace 
load,   beintj  a   little  more  than  proportional  to 
load  for  gas-fired  field  units  and  a  little 
less  than  proport ioi^a  1  to  load  for  coal  and 
oil-fired- units  fBartok  et  al.    1971).  This 
difference  between  fuels  can  be  explained  by 
•the   influence  of   fuel  NOx  which  is  expected  to 
be  relatively  "load  insensitive.     Reduction  of 
NUx  emissions  by  use  of  rec^ced  loads  or  the 
oversizing  of fcombustion  chambers  carries  with 
it  a  capital   crost   associated  with  underutilized 
ecjuipment .  * 


Excess  Air 

As  th^»  amount  of  exgess  air  is  increased 
in  a  combustor,    the  oxygen  content   in  the  flame 
zone  generally   increas'es  and  the  t-emperature 
decreases.     As  a  consequence  of   these  two 
opposing  effects  ,   the  emissions  of  thermal 
NOx  pass   through  a  maximum {Armento  1974) 
{Wasser  et  al.    1968).     Most,   but  not  all, 
furnag;es  operate   in  a  range  where  NOx  emissions 
decrease  with  ^a  reduction  in  excess  air.  Fuel 
NOx  , being  temperature   insensitive,  increases 
monotonica riy  with   increased  excess  air 
(Fenimore  1972,   Martin  and  Berkau,   Turner  et 
al.    1972).    Low  excess  air  firing 
can  reduce  NOx  emissions,   but  care  mu&tv.^be 
taken  nQt   to  replace   those  emissions  with  CO  and 
soot  .Bd'issions.     When  oper<3^ing  a  multi-burner 
system  near  stoichiometric ,   care  must  be  taken 
to  regulate  the   fuel/air  ratio  of  each  burner 
so  as  to  prt?vent  some  burners   from  running 
fuel-rich.     Low  excess  air   firing  of  furnacesT 
although  necessitating  more  control  equipment 
and  instrumentation  to  monitor  emissions,  pro- 
vides  fuel   savings   through   increased  thermal 
efficiency.      In  contrast,    fuel   lean  combustion 
with  high  excess  air  can  reduce  the  NOx 
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ei^issions  from  engines,   but  improved  carbura- 
tion,   fuel  injection,   or  stratification  may  be 
necessary  for  efficient  operation. 

Stageci  Combustion 

^   ,    Staged  combustion  takes  advantage  of  both 
lov/  temperatures  and  lov/  oxygen  concentration 
by  oper^tdng  some  burners  fuel  rich,  allov/ing 
the  partially  combusted  products  to  cool  bet- 
v/een  stages,   and  completing  the  combustion  by 
addition  of  the  residual  air.^  Several  varia- 
tions of  staged  combustion  can  be  used.     In  a 
multi-burner  system  the  lov/er  burners  may  be 
run  fuel  rich  and  the  upper  burners  lean;  this 
is  known  as  biased  or  of f -stoichiometric  com- 
bustion.    Alternatively,   all  of  the  fuel  can  be 
injected  through  the  lov/er  burners  and  the  air 
introduced  through  the  upper  burners  or  higher 
in  the  furnace  through   *N0*   ports;   this  is  re- 
ferred to  as  overfire-air   (Winship  and  Brodeur 
1973)    or  two-stage  combustion    (Barnhart  and 
Diehl  1959,   Barnhar:t  and  Diehl  I960)*  Staged 
^combustion  reduces  the  emis'sion  of  both  thermal 
and  fuel  NOx.     By  operating  .the  first  stage  with 
as  little  as  70  percent  of  stoichiometric  air, 
the  emission  from  a  0.125  percent  nitrogen  oil 
could  be  reduced  to  under"  100  ppm   (Siegmund  and 
Turner  1974) .     As  much  as  a  90  percent  reduction 
in  the  fuel  ni.trogen  has  been  observed  by  use 
of  fuel  rich  operation  in  laboratory  burners 

(Fenimore  ^972)  . 

The  potential  for  NOx  control  in  practical 
systems  depends  on  many  factors.     In  retro- 
fitting units  the  number  of  burners,   the  ability, 
to  change  fuel  rates   to  individual  burners,  and 
the  availability  of   'NO'   ports  for  air  addition 
above  the  burners  are  physical  constraints.  In 
addition ,  j|jjn  changing  operation  or  design  con- 
ditions trfi^educe  NOx,   care  must  be,  taken  that 
the  other  pollutants  are  not  substituted  for^. 
the  NOx;     Low  excess  air  operation  increases 
the,  potential  for  emissions  of  unburned  hydro- 
carbons,  carbon  monoxide  and  soot.  Staged, 
combustion  may  result  in  the  formation  of 
hydrogen  cyanide  or  ammonia  in  the  first  stage, 
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ivhich  v;ill  be  partially  oxidized  to  NO  in  the  . 
second  stage   (Yainayishi  et  al.   1974).  Changes* 
of  fuel/^ir  ratio  on  burners  may  create  problems 
of  fuel  stability  and  noise   (Lockling  et  al. 
1974).     These  complicating  factois  and  the  very 
ivide  variety  of  combustion  systems  in  use  make 
it  difficult  to  state  any  generalization  on  the 
potential  reduction  in  emissions  that  may  be 
achieved  by  combustion  proce3,s  modification. 
Staged  combustion,   however,  provides  the  most 
successful  method  currently  in  use  for  th,e 
control  of  WOx  emission  from  combustion  sources. 


Burner  De^igr> 

Variation  in  the  momentum  of  the  fuel  and 
air  streams,   in  the  swirl  or  rotation  of  the 
air  stream,   in  the  shape  of  a  burner,   in  the 
positioning  of  the* fuel  nozzle  in  a  burner,  in 
the  atomization  of  liquid  fuels,   in  the  amount 
of  air  that  is  premixed  v/ith  the  fuel,  or  in  the 
positioning  pf  the  flame  stabilizer,   if  any, 
can  make  large  differences  in  mixing  and  com- 
bustion patterns  and  hence  in-  NOx  emissions 
from  different  burners.     The  potenti^al  for 
major  reductions  in*  NOx  emission  by  modifica- 
tion of  burner  design  has  been  established  on 
experimental  burners   (Heap  et  al,   1973) .  Al- 
though a  complete  characterization  of  the  pro- 
cesses is  not  possible,  s^^rae  general  rules 
seem  to  apply. 

High  intensity  combustion  favors  the 
formatic^n  of  thermal  NOx.     Evidence  for  this  is 
provided  by  an  inverse  correlation  of  NOk 
emission  v/ith  residence  time  in  the  combustion 
zone  in  a  "laboratory  burner  as  the  sivirl  was 
varied     (Wasser  and  Berkau  19*^2)  .     Other;  less 
quantitative,   evidence  is  provided  by  the 
observation  that  burners  v/hich  entrain  air 
gradually  and  produce  relatively  long  flames, 
such  as  in  a  tangential  boiler,  produce  lov; 
thermal  NOx  v/hereas  high  intensity  burners  for 
example  cyclones,  yield  high  emissions.  Lov; 
emissions  of  thermal  NOx  also  result  vjhen  a 
burner  produces  entrainment  of  relatively  cold 
combustion  products  into  the  flame,  a  form  of 
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internal   t lue  qaa  recirculation   (Calvert  197  3^ 
Hemsath  et  al.    1972) . 

High  emissions  of   fuel  NOx  are  found  when 
air  is  premixed  into  a  burner  or  when  a  flame 
is  Ldfted  so  that  air  is  entrained  before 
ignition   (Heap  et  al.    1973).     For  oil  and 
coals  containing  fuel  nitrogen  it  is  preferable 
that  the  fuel  nitrogen  be  released  into  an 
oxygen  d^eficient  ambient  atmosphere    (Heap  et 
al.    1973).     Long  diffusion  flames  thei!*efore 
favor   low*  fuel  NOx , in  addition  io  low  thermal  ' 
MOx.  '  I  . 

Through  the  use  of  multiple  concentric 
fuel  and  air  ports,   apparently  providing  delayed 
mixing  or  a  form  of  staging,   emissions  as  low 
as  ,150  ppm  have  been  reported  for  an  experimen- 
tal coal-fired  burner   (Heap  et  al.  1973). 

These  results  suggest  that  with  developmen- 
tal effort,  ^significant  reduction  in  NCpx 
emissions  may  be  derived  from  changes  in  burner 
design. 


Under  normal^operating  conditions  for 


Fuel  Atomization 

  .._rmal     ,  _  _ 

practical  systems,  the  technique  of  fuel  atom- 
ization  and  atomized  pre  ssur^ira^-^^^J^ttl^ee  f  feet 
on  either  thermal  NOx  gr    fi^el  NOx  Norrriair-^ 
atomization  procedures  pr^uce  fuel  droplets 
v;hich  are  sufficiently  idrqe  and  which  have  a  j 
velocity  relative  to  the/ air  flow  suf^ciently  / 
low  that  the  droplets  burixwith  an.att^^ed 
flame.     This  diffusion  type^ flame  result^^^rr^ 
near  stoichiometric  co'mbustion  of  much  of  the 
fuel  vapor  and  results  in  both  thermal  and  ^ 
fuel  NOx  levels  which  are  relatively  insensi- 
tive to  the  overall   fuel/air  ratio  of  the  com- 
bustor    (Flagan  and  Apple^on  1974/,  Pompei  and 
Heywood  1972).     However,  by  using  more  effi7 
cient  atomizers  which  produce  much  smaller 
droplets  with  a  high  velocity  relative  to  th^ 
air  flow,  distillate  fuels'  may  evaporate  and 
partially  premix  with  air  prior  to  burning. 
Thus,   in  a  burner  operating  fuel   lean,  thermal 
NOx  may  be  significantly  reduced  by  increasing, 
the  atomizer  efficiency   (Pompei  and  Heywood 
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1972).     Fuel  NOx ,   on  the  ottkej;  hand,   tends  to 
increase  v/ith  i^^ncreasing  atomizer  efficiency 
(Flagan  and  Appleton  1974)  . 


Burner  Interaction 

Interaction  betv/een  burnera  either  on  the 
.    same  v/a]^l    (Lowes  et  al.   1974)   or  on  opposed 
walls    (Bartolc  et  al.   1971)    leads  to  higher 
emissions,   probably  as  a  consequence  o^  the 
reduced  heat  transfer  from  the  central  flames 
to  the  v/alls. 

V 

Reduction  of  NO  by^  Reaction , wi th  Hydrocarbons 

Laboratory  experiments  in  v/hich  hydrocar- 
bons and  ammonia  where  injected  into  the  post- 
^  flame  zone  have  shown  significant  reduction  in 
NOx  levels    (lo/endt  et  al.   197  3  )\  and  may  suggest 
new  methods  for  n6x  cohtrol .     Related  experi- 
ments demonstrate  tbat  NO  was  destroyed  with  30 
to  95  percent  efficiency  by  inje0ti-on  into  the 
combustion  air  of  a  burner  ,  (Turnc^fp  *arld  Siegmund 
1972) ,   in£o  a  fluidized  bed  coal  combustor 
(Hammons  and  Skopp  1971),   and'  into  a  diffusion 
flame    (Sarofim  et  al.    1973).     in  practical  tur- 
bulent combus tors , some  &5  ma^  be  destroyed  by 
these  processes  as  the  turbulent  Eddies  bring 
fuel  rich  pockets  together  with  NO. 

The  factors  that  influence  NO  formation 
are  many  and  are  imperfectly  understood.  The 
results  reported  here  suggest  some  directions, 
but  what  is  practically  achievable  must  be  de- 
termined from  field  studies  for  the  various 
classes  of  stationary  sources,   as  described  in 
subsequent  sections.     The  large  variation  in  - 
peak  temperatures,   pressures,    sizes  and  resi- 
dence times  in  different  combustion  systems 
explains  the  wide  range  of  emissions  that  will  ^' 
be  reported,  with  residential  heating  units 
'having  the  lowest  emi-ssions  per  unit  fuel 
consumption  and  reciprocating  engines  the 
highest.     These  same  differences  necessitate- 
different  control  methods  for  the  different 
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classes  of  units  and  may   limit  the  degree  of 
control  v;hich  can  be  achieved  by  combustion 
modification  alone. 


UTILITY  BOILERS 


Background 

Utility  boilers  are  a  major  source  of  NOx 
emissions.     The  NOx  frc^m  utility  boilers  is 
discharged  from' a  relatively  small  numbe^  of 
tall  stacks.     The  boilers  are  fired  by  coal. 
'(54.3  percent  of  the  energy  supplied  in  1972) 
(Mason  and  Shimzu  1974) ,   gas    (27  percent)  and 
oil    (18.6  percent)  ,   sometim;es   in  combination. 
Environmental  constraints  on  sulfur  emissions 
had  resulted   in  a  substitution  of  low-sulfur 
oils  and  gas  for  coals,   with  a  short  term  de- 
crease in  percentage  use  of  coal,   but  the 
trend  has  been  reversed  and  projections  (NERC 
1974)    indicate  a  continued  reliance  on  coal,  a 
decrease  in  the  rate  of   installation  of  oil- 
fired  units,   anti  a^  gradual  phasing  out  of  gas. 
Emissions  are  contributed  ^y  over   3000  boilers 
in  use  for  steam-electricity  generation,  varying 
widely  in  size,   design,   and\ages^  The  most  com- 
mon boiler  types,   dcjs ignatedVby  the   location  of 
the  burners  in  the  combustion,  chamber ,   are  tan- 
gential   (T) ,   horizontally  opposed    (HO),  front 
wall    (FW) ,   cyclone    (Cyc) ,   vertical    (V) ,  turbo- 
firedMturbo)    and  all  wall    (AW)    (Bartok  et  al. 
1969).  , 


Control  Methods   for  Gas-Fired  Units 

The  emissions   from  gas   fired  units  are  due 
entirely  to  thermal  NOx  and  typically  in 

fhe  range  of  0.30  to  1.31   lbs710^  BTU  for  un- 
controlled-units at   full-load    (Table   15-2  taken 
from  an  EPA-sponsored  systematic   field  study) 
(Bartok  et  al.    1971).     The   lowest  emission^  are 
expected  for  units  with  delayed  mixing  of  fuel 
and  air  and  in  which  the  fl ames  can  rad iate 
effectively  to  the  walls;   the  highest  emissions 
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TABLE  15-2 

Uncontrolled  Emissions  from  Gas,  Oil,  and  Coal- 
firod  Utility  Boilers  Operated  at  Full,  Inter- 
mediate, and  Lov/  Load   (Bartok  et     al.  1971) 


Fuel 

Slro  (m) 

L  Type  of 
flrlnfl 

^  Full 
Load  (m) 

PPM 

0  n 

Ib'i  \0, 
10^'  Dtu 

Gas 

180 

nv 

ISO 

V  390 

0.5,1 

G.19 

80 

Fv;  - 

82 

497 

0.65  ■ 

Gas 

315 

FV/ 

315 

992 

1.J9 

Gas 

350 

'  HO 

350 

946 

1.23 

Cis 

480 

MO 

480 

736 

0.96 

600 

no 

570 

T  .  74 

Cas 

220 

AW 

220 

6>5 

0.88 

Gas 

320 

T 

^2(} 

340  - 

Gaa 

fyf, 

V 

66 

155 

0.  20 

Oil 

180 

nv 

180  ' 

567 

0.  50. 

Oil 

80 

rw 

80 

580 

0.  79 

Oil 

rso 

rw 

2^0 

360 

0.49 

Oil 

3S0 

HO 

350' 

457- 

0.62 

Oi  1 

4S0 

HO 

'  455 

246 

0.33  - 

OM 

::o 

AW 

220 

291 

0.39 

Oil  . 

3:0 

T 

320 

215 

0.29 

Oil 

66 

T 

66 

203 

0.27 

Oil 

40b 

CY 

415 

530 

0.72 

Co.il 

V 

175  . 

FU 

CojI 

315 

rw 

275 

1490 

2.04 

Coal 

600 

HO 

563 

830 

'  i.ls 

Coal 

800 

HO 

778 

905 

1.24 

(oal 

573 

T 

Ci^jl 

^nn 

r 

:,(,f\ 

Co.i  1 

700 

CY 

66!"^  1 

1170 

1  .60 
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TABLE  15-2  (cont.) 


intermediate  ' 

r  ad  (^U\0 

PPM  0 

lbs  NO^ 

Low 
Load 

PPM  9 

lbs  NO^ 

I 

\  N  In 

Fuel 

■ 

3^^  O2 

10^  Bui 

3%  0^ 

10^  Btu  ' 

120 

230 

0'.30 

70 

116 

0.15 

50 

240 

0.31 

2d 

90  ^ 

0.12 

1  223 

4  _  

768 

1:00 

186 

515 

0.67 

150 

34  1 

0.44 

360 

610 

0.79 

250 

363 

"  0.47 

410 

335 

0.44 

325 

253 

0.33 

190 

550  V 

0.72 

125 

313 

0.41 

240 

230 

0.30 

_ 

_ 

_ 

_ 

120 

322 

'0.44 

80 

266 

0.36 

0.29 

1 

50 

361 

0.49  - 

21 

258 

0.35 

0.36 

172 

306 

0.41 

. 

_ 

0.3j 

150 

-  264 

0.36 

0.46 

365 

219 

0.30 

2Z8 

186 

0.25 

170  ' 

267 

0.36 

120 

324 

0.44 

0.42' 

220 

220 

0.30 

0.30 

0.62 

258 

205 

0.28 

— r~ 

_ 

_ 

0.53 

^140 

660 

0.90 

1.36 

190 

1280 

1.75 

160 

1  200 

1.64 

1.36 

462 

781 

1.^7 

363 

643 

0.88 

^  1.38 

580 

741 

1.01 
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are  expected  for  large  units  v/ith  high  combus- 
tion.  intensities .     Generally,  tangentially- 
fired  boilers  yield  the  lowest  emissions.  Re- 
duction in  load  has  a  major  influence  on  emis- 
sions   (Table  15-2);    to  a  first  approximation 
there  is  a  proportionality  between  emissions 
and  furnace  load. 

The  control  techniques  that  have  been  suc- 
cessfully demonstrated  on  fi^ld  units  are  low- 
excess-air  firing,   staged  combustion,  flue-gas 
recirculation, fwater  injection,   and  reduced 
air  preheat.     The  concept  of  staged  combustion 
was  pioneered  on  gas  uni€s  in  the  late  1950 's 
and  1960's  by  Babcock  and  Wilcox  and  Southern 
California  Edison    (Bagwell  et  al.   1970,  Barn- 
hart  and  Diehl  1959,   Barnhart  and  Diehl  196a; 
Teixera  and  Breen  1973).  A  33  to  75  percent 
reduction  in  the  emissions  level  has  been  at- 
tained on  12  uQits  ^of  175  J-fi^to  480  MW  by  the 
use  of  staged  combustion   (two-stage  and/of*  off- 
stoichiometric  combustion) .     The  of f-s toichio- 
metric  combustion,   in  which  the  fuel  from  up  to 
25  percent  of  the  burners  was  diverted  to  the 
remaining  burners,  yielded  better  results  than 
the  two-stage  combustion,   in  which  part  of  the* 
air  to  all  ot  the  burners  was  diverted  to  'NO' 
ports  higher  in  the  furnace. 

Southern  California  £dison  also  teg^ted  the 
potential  for  control  of  NOx  by  flue-gas  recir- 
culation on  tangentially-f ired  boilers  designed 
with  flue-gas  recirculation  to  the  windbox  (the 
compartment  confining  the  air  to  the  burners) . 
Recirculation  of  flue  gases  at  a  rate  of  15  per- 
cent by  weight  of  the  sum  of  the  fuel  and  air 
reduced  the  emissions  by  30  to  60  percent  ;  re- 
circulation of  30  percent  yielded  emission 
levels  below  100  ppm   (0.131  lb  NO2/10^  BTU) 
(Teixera  and  Breen  1973)  . 

The  EPA  funded  systematic  field  study  of 
NOx  emission  control  methods  determined  the 
control  achievable  on  representative  front  wall, 
horizontally  opposed,   and  tangentially  fired 
boilers  at  three  load  levels,  by  use  of  various 
combinations  of  low-excess-air  firing,'  staging, 
and  flue  gas  recirculation   (see  Table  15-3). 
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Use  of  lov/  excess  air  achieved  modest  reductions 
in  emissions   (13  to  32  percent)  .^^--^he  minimum 
value  of  the  excess  air  that  could  be  used  v/as 
determined  by  the  problem  of  CO  emissions  v/hich 
increased  dramatically  belov/  a  critical  excess 
air  level.     The  minimum  practical  level  or  ex- 
cess air  is  a  function  of  burner  and  furnace 
desigp;    lov/-excess-air  firing  therefore  re- 
quires careful  control  of  the  fuel  and  air  rate 
to  in<iividual  bi^rners  and  careful  monitoring 
of  products  of  incomplete  combustion  in  the 
stack'.     These  disadvantages,   however,   are  par- 
tialiy  offset  b^  the  increase  in  the  thermal 
efficiency  of  a  boiler  which  results  from  a 
reduction  in  the  excess  air  level.     Staging  and 
flue  gais  recirculation  produced  improvements  in 
the  systematic , f i^ld  study  similar  to  those 
obs'erved  in  Southern  California.     A  combination 
of  control  techniques,   as  expected,  yields  a 
smaller  effect  than  that  computed  from  the  gains 
observed  when  each  technique  is  applied  indi- 
vidually.  The  final  three  columns  in  Table  15-3 
show  that  a  50  to  60  percent  reduction  in  emi- 
ssions was  achievable  when  combinations  of  all 
the  techniques  available  on  each  of  the  boilers 
in  the  field  Study  were ' utili zed  to  their  ful- 
lest. 

Injection  of  water,   use  of  water-in-oil 
emulsions,   and  reduction  of  air  preheat  are  all 
less  desirable  methods  of  NOx  emissions  control 
because  they  impose  a  penalty  in  thermal  per- 
formance.    Water  injection  tests  carr;ied  out  by 
Combustion  Engineering  on  a  150  MW  ta^gentially 
fired  unit  showed  a  maximum  reduction  of  50 
percent  in  NOx  emission  at  a  water  injection 
rate  of  45  pounds  per  million  BTU  fired  and  an 
associated  5  percent  decrease  in  furnace  effi- 
ciency  (Blakeslee  and  Burbach  1972) .  Signi- 
ficant reductions  in  NOx  emission  and  furnace 
efficiency  were  also  observed  when  the  air 
preheat  was  reduced  from  490F  to  81F  at  three- 
quarter  and  half  loads (Blakeslee  and  Burbach 
1972) . 

In  summary,   the  techniques  most  readily 
adapted  to  reclicing  emission  from  existing 
gas-fired  units  are  low  excess*  air  firing  and 
staged  combustion,  particularly  in  units  where 


ERIC 


8  01/ 


837 


the  number  of  burners  permits  the  changes  to  be 
made  without  any.  equipment  modification*  Flue 
gas  recirculation  provides  a  viable  option  only 
for  those  existing  units  already  equipped  with 
a  recirculation  system.     Water  injection  or 
reduction  in  air  preheat  are  less  desirable 
control  techniques  in  view  of ^ the  penalty  of 
increased  fuel  consumption  entailed  in. their 
use.     For  gas  units/  a  reduction  in  emissions* 
of  50  to  60  percent  can  be  expected  with  the 
use  of  lov/  excess  air  and  staged  combustion 
alone,   and  greater  reductions  are  possible 
when  these  can  be  combined  with  flue-gas  recir- 
culation.    It  should  be  noted,  however,  that 
units  differ  significantly  in  design-  and  indi- 
vidual units  may  show  much  lov/er  potential  for 
emission  cont?"ol. 


Control  Methods  for  Oil-Fired  Units 

Emissions  from   oil-fired  units  are  due  to 
a  combination  of  thermal  and  fuel  NOx.  Control 
methods  v/hich  are  based  on  a  temperature  reduc- 
tion,  such  as  flue  gas  recirculation,  v/ater  in- 
jection,  and  load  reduction,   are  effective  in 
controlling  the  thermal  NOx  contribution  but  ^ 
have  little  effect  on  the  fuel  NOx.  Methods 
vjhich  reduce  the  oxygen  availability  in  the 
primary  conbqstion  zone,   such  as  low  excess  air 
firihg,   staged  combustion,  and  long  flames  with 
delayed  oxygen-uptake  are  effective  in  control- 
ling both  sources  of  NOx.     The  emissions  from  nine 
oil  fired  utility  boilers  included  in  the  sys- 
tematic field  survey   (Bartok  et  al.   1971)  range 
from  0.27  to  0.79  Ibs/lO^  BTU  at  full  load 
(Table  15-2).     Tangential-fired  units  were  found 
to  yield  the  lowest  NOx  emissions  for  a  given 
size  unit,  as  had  been  previously  found  for  gas 
.fired  boile'rs.It  v;as  estimated  from  results  ob- 
tained using  oils  with  different  nitrogen  con- 
tents that  30  percent  of  the  fuel  nitrogen  in  the 
nitrogen  concentration  range  of  0.3  to  0.6 
percent  by  weight  was  converted  to  NOx,  corres- 
ponding approximately  to  an  incremental  emission 
of  0.06  lb/10^  BTU  per  0.1  percent  increment  in 
fuel  nitrogen.     Independent  tests  on  tangentially- 
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fired  boilers  indicate  a  range  of  conversion  of 
fuel  nitrogen  to  NOx  from  4  3  percent  for  0.2 
percent  nitrogen  oils  to  30  percent  for  1  per- 
cent nitrogen  oils  when  the  boilers  v/here  opera- 
ted v;ith  3  percent  0^, 

Reduction  in  load  for  oil-fired  boilers 
resulted  in  a  reduction  in  emissions  but  the 
dependence  of  emissions  on  load  is  less  marked 
than  for  the  case  of  gas-fired  boil-^rs  (Table 
15-2). 

The  control  methods  tested  in  the  field 
study  included  lov/-excess-air  firing,  staging, 
flue  gas  recirculation  and  combinations -thereof 
(Table  15-3).     The  trends  are  similar  to  those 
obtained  for  gas-fired  units  but  the^ fractional 
reduction  in  NOx  emissions  is  lower.     The  re- 
sults show  an  average  reduction  in  NOx  for  the 
best  combination  of  control  techniques  ranging 
from  48  percent  at  full  load  to  38  percent  at 
low  load.     Although  the  uncontrolled  emissions 
of  gas  fired  units  were  higher  than  the  emis- 
sions from  oil  units  of  the  same  design  and 
size,   the  emissions  with  the  best  control 
achieveablfe  were  generally  lower  for  the  gas- 
fired  units.     Par1>  of  the  difference  may  be  due 
to  the  fuel-nitrogen  contribution  and  part  due 
to  the  difficulty  of  controlling  the  very  compl- 
icated processes  that  define  the  atomization  and 
combustion  of  liquid  fuels. 

Control  {Methods  for  £oal-Fired  Utility  Boilers 

Uncont?rolle(J  emissions  from  coal-fired 
boilers  are  higher  than  those. for  gas  and  oil 
(Table  15-2  and  15-4),   ranging  from  0.53  to  2.04 
lbs/10^  BTU'  at  full  load.     Tangential-fired  units 
again  shov/  the  lowest  emissions.     Emissions  from 
coal-fired  units  show  a  less  than  proportional 
depend(^nce  on  load^  (Table  15-2).     From  the  de- 
pendency of  the  emissions  on  load  it  is  inferred 
that  about  20  percent  of  the  fuel  nitrogen  con- 
tent,  typically  1.3  percent  by  weight,   is  con- 
verted tc  NOx  and'  that  the  fuel  nitrogen  con- 
tributes jO  percent  of <  the  emission  at  full- 
load    (Crawford  et  al.    1974).  The  relative  pro- 
portions of  fuel  NOx  and  thermal  NOx  depend 
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upon  many  variablep  including  coal  moiature 
cont<fent,   nitrogen  content,  burner  design,  fur- 
nace design  and  operating  conditions . 

«  More  conclusive  evidence  on  the  contribu- 
€ion  of  fuel  nitrogen  in  "coal  is  provided  by 
laboratory  studies  in  v/hich  pulverized  coal 
v/as  burned  in  argon-oxygen  mixtures   (Pershing  ^ 
et  al.   1973).     In  these  tests  25  to  40  percent 
of  the*  1.2  percent  nitrogen  co'ntent ^of  the  coal 
v/as  ^converted  to  NOx. 

Based  on  the  importance  of  both  thermal 
NOx  and  fuel  NOx  it  is  expected  that  techniques 
that  reduce  temperature  in  the  flame  zone  v/ill 
be  less  effective  in  controlling  NOx  emission 
than  those  that  reduce  the  oxygen  content.  Lovj- 
excess-air  firings  and  staged-combustior>  haVe 
proven  effective  in  reducing  NOx  emissions  from 
coal*-fired  units  by  an  average  qf  37  percent 
^6r  the  12  units  included-^  in  the'  EPA  funded 
field  tests    (C^^avjford  et  ^1.   1974).     The  carbon 
content  of  the  ash  and  the  carbon  monixide  in 
the  stack  gas  increased  slightly  during  the 
tests  (Crav/ford  et  al.   1974).     Accelerated  C9r- 
rosion  studies   (Crai-jford  et  al .   1974)   for  the 
300  hour  duration  of  the  trials  vjith  staged 
combustion  showed  no  adverse  effects  but  addi- 
tional long  range  trials  v/ill  be  needed  to  con- 
firnf  these  preliminary  findings. 

# 

Design  Modifications  and  Costs 

The  success  of  low-excess-air  and  staged 
combustion  has  enabled  all  manufacturers  to 
develop  boilers  that  v;ill  meet  the  national  NOx 
emission  standards  of  0.2  Ibs/lO^  bTU  for  gas, 
0. 3  lbs/10^  BTU  for  oil,   and  0.7  lb/10^  BTU  for 
coal.     Some  manufacturers  specify  a  maximum 
nitrogen  content  on  the  oil  to  ,be  fired  in  new 
oil  fired  units.     Further  re'duction  in  emissions  ^ 
can  be  achieved  at  considerably  increased  costs 
by  use  of  flue  gas  recycle.     Water  injection 
may  be  used  but  vsoth  a  penalty  in  thermal  effici- 
ency. \.  ^ 

Severe  constrain=fe,^  may  be  imposed,  on  the 
ability  to  make  modif icationV  on  existing  units 
by  the  design  of  the  particular  unit  and  by  the 
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space  available  for  adding  ducting.     The  modifi- 
cations easiest  to  apply  are  lov;-excess-air  firir 
and  of f -stoichiometric  combustion.  Addition  of 
NO  ports,  may  be  feasil:?le  in  many  units  btit  the 
addition  of  flue-gas  recycle  *vJould  require  a 
major  effort. 

Cost^s  fot  modifying  nev;  and  existing  coal- 
fired  tangentially-f ired  units  have  been  esti- 
mated by  Combustion  Engineering   (Blakeslee  atid 
Seler  1973)   and  are  presented  in^ Figures  15-4 
and  15-5.    (Additijonal  data  supplied  by  a  utility 
and  by  a  boiler  manufacturer  are  consistent 
with  the  figures  presented  here) .     The  costs 
were  calculated  for  the  introduction  of  20  per- 
cent of  the  total  combustion  air  over  the  fuel 
firing  zone  as  overf ire  air,   for  the  recircula- 
tion of  30  percent  of  the  flue  gas  to  the 
secondary  air  ducts  and  windbox,   for  a  combina- 
tion of  overfire  air  and  flue-gas  recirculation! 
for  the  recirculation  of  17  percent  of  the  flue- 
gas  through  the  coal  pulverizers   (mills) ,  and 
for  water  injection  into  the  fuel-firing  zone 
at  5  percent  of  tfae  steam  rate  for  the  boiler. 
The  practical  limit  for  single  cell  furnaces 
Is  about  600  MW;   larger  .units  use  divi- 
ded furnaces  v/ith  tvjo  times  as  many  burners 
which  results  in  an  increased  cost  for  instal- 
lation of  ductwork  for  the  various  control 
methods   (Blakeslee  and  Seler  1973) .  Cost 
figures  are  expected  to  vary  considerably  be- 
tween units  particularly  for  the  case  of  retro- 
fit.    It  should  be  noted  that  the  costs  in 
Figures  '15-4  and  15-5  are  dnly  capital  costs; 
in  addition  to  capital  costs,  operating  (Bartok 
et  al.    1969,   NAE  1972)   and  testing  costs  will 
be  incurred  which  will  be  totally  dependent  on 
the  specific  situation. 
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FIGURE  15-4:     Costs  of  NOx  Control  Methods  for 
Nev/  Coal-fired  Units   (included  in  Initial 
Design) •    (Blakesler  and  Selker  1973b) . 
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FIGURE  15-5:     Costs  of  NOx  Control  Methods  for 
Existing  Coal-fired  Units   (Heating  Surface 
Changes  Not  Included) .    (Blakesler  and  Selker 
1973b). 
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INDUSTRIAL  BOILERS 


Background 

BoilQro  i^ith  capacities  from  10  to  500 
million  BTU  par  hour  omit  an  ootimatGd  18.1 
percent  of  the  U.S.  otationary  oource  nitrogen 
oxidQo.     The  industrial  boiler  population  io 
made  up  of  about  75000  units  of  various  types, 
ages,  ^nd  applications  which  burn  gas   (57  per  - 
tient  of  the  energy  supplied' in  1968),  coal, 
(23  percent)  and  oil   (20  percen-t)    (Locklihg  et 
al.   1974).     Residual  oils  and  a  small  quantity 
■of  distillate  oils  are  used.     As  a  result  of 
regulations  on  the  omissions  of  sulfur  oxides, 
recent  trendp  have  been  towara  the  use  of  natu- 
ral gao  and  lov;  sulfur  oils  in  all  but  the 
largest  units.     however ,^  due  i:o  increase  pri- 
ces and  reduced  availability  of  these  fuels, 
the  industrial  sector  may  be  ^forced  to  rely  in- 
creasingly upon  coal  and  residual  oil. 

About  a  third  of  the  industrial  boilers, 
accounting  for  10  percent  of  the^  industrial 
, capacity,  are  small  ^units  (10  to  16  million  BTU 
per  hour  capacity)  (Lockling  et  al.  1974). 
These  are  primarily  packaged  firetube  boilers  ' 
v/hich  burn  oil  or  gas.  The  17  to  100  million 
BTU  per  hour  units,  v/hich  are  primarily  pajcka- 
ged  v/atertube  boilers,  account  for  53  percent 
of  the  units  and  45  percent  of  the  capacity. 
The,  larger  units  are  v/atertube  boilers,  mostly/ 
fiel^  erecteci.  Currently  only,  1  percent  of  the 
units  and  9  percent  of  the  capacity  are  greater 
than  2^50  million  BTU  per  hour  capacity,  the  size 
range  for  v/hich  nev/  source  performance  standards 
have  been  established.  , 

.  The  data  on  emission  levels  and  combustion 
modifioation  effectiveness  for  NOx  control  are 
limited,  mostly  derived  from  a  field  study  per- 
formed by  KVB,  Engineering    (  (Cato  et  al.   )  in 
which  about  80  units  v/ere  tested  for  baseline 
emission  levels  and  minimum  NOx  achievable  . 
without  hardware  modifications.     Due  to  the  limi-; 
ted  flexibility  dn  combustion  operating  conditions 
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for  thc^se  units,  only  moderate  reductions  v;ere 
obtained  in  most  cases The  results  are  presen- 
ted in  Table  15-5.        -  • 

VJhen  combustion  modification  strategies 
are  considered,   it  v;ill  be  necessary  to  consider 
several  problems  vrhich  may  arise  such  as  cor- 
rosion aod  deposits  on  boiler  tubes,  flame 
instability,  blov;-of f ,   flashback,  combustion 
driven  oscillations,  and  combustion  noise  or 
roar.     The  need  for  tuning  individual  units  to 
minimize  these  problems  v;ill  place  constraints 
on  retrofit  programs  due  to  the  large  number  of 
units  in  existence  and  their  diverse  character- 
istics  (Lockling  et  al .  197^). 


Gas-fired  units  without  air  preheat,  fire- 
tube  boilers,  and  some  of  »the  v/atertube  boilers 
had  NOx  emission  levels  leqs  than  0.14  lb  NO2 
/lO^  BTU.    (Cato  et  al.)     The  watertube*  units 
with  air  preheat  had  generally  higher  emissions, 
from  0.08  to  0.45  lb  NO  /lO^  BTU.     By  comparing 
units  with  different  degrees  of  air  preheat,  it 
was  estimated  that  the  preheat  effi«cts  vary 
from  0.02  lib  NOo/lO^  BTU  per  lOOF  for  units  of 
less  than  30  million  BTU  per  hour  capacity  to 
0.15  lb  NO2/10^  BTU  per  lOOF  for  much  larger 
units.    (Cato  et'al.^s    Thib,  appeared  to  be  a 
function  of  the  burner  fiMng  rate  (BTU/hr/ 
burner) .     Reducing  the  oxygen  level  had  only  a  ^ 
small  effect  on  emissions  from  units  without 
air  preheat r  but  did  decrease  the  NOx  levels 
from  preheated  boilers.  of'f-stoichiometric 
firing,  achieved  by^^t^lTir^^  one  burner  out  of 
service,   resulted  in  NOx  deductions  of  16  to  42 
percent.     By  combustion  mcldif ication ,  the  per- 
centage of  units  with  emis^^ions  .belov;  0.2  lb 
NO2/IO6  BTU  was  increased  n?<5tn  75  percent  to  82 
percentr (Cato  et  al.)  \ 


'."•he  baseline  amission  levels  for  those  units 
fired  with  No.  2  fuel  oM  were  0.13  to  0.26  lb 


Gas-Fired  Boiler  Emissions 


846 


TABLE  l^i-'i 
Uncontroi  lod  fJOn  qiuI  U>w  r;i 


jn  t;,-nirj!jiona   fra:a  Induotrlal  Lidf; 

Ley  K 


Fuel 
Coo 


Gao 

Gao 
GOiii 
Gai 
Gao 


Goi 
Gan 


r>uo 
t3:j 


.'0 


10 


0 


Teot 


22 
1  1 

40 
40 
4I'> 
1  36 

0 
14 

in 


70 
97 


DoocI ln^  


^0. 


116 

lOl 

:4: 

5M 


J  00 
109 

•07 
07 
M 
01 


10^  Dtu 

.006 
•00  5 

no 

,  :oo 

.44$ 


ml 

-  f  


MS 

. 

,127 
104 

.00  0 

inn 


0  3^  0^ 

"T&o  f.o^  ^ 

rctlijct  ion 

OS 

077 

10 

«0 

001 

.^0  6 

P  06 

10.^ 

p  ' 

no 

164 

45  1 

i  10 

151 

61  .0 

169 

.  201 

\'j.2 

^0 

041 

50  0 

000 

20 . '» 

6^ 

ooy 

4  ,  R 

6  7 

OflO 

'i  .  fl 

in? 

») 

06' 

__     '        _  _ 

06  5 

6.0 

000 

14.0 

4', 

.0!i4 

.(» 

01 

006 

10  ^ 

1-17 

1 

^0  ,  6 

2\0 

20  1 

:     .           .  -  -J 

ERIC 


'  847 


4 


TABLE  {cont . ) 

Baseline   Low  NO 


Fuel 

Size 

Burners 

Test 
lo.id 

9  3\  0, 

^  NO,  I 
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0  n  0^ 

! 

lb  NO- 
Z 
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Type 
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10^  Btu 
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80 
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TABLE  15-5  (cont.) 

Baseline  Low  N'O 
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Slic 
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TABLE  15-5  (concluded) 
Abbreviations 

NSF      =    Navy  Standard  Fuel  ^ 
Cup      =     Rotary  cup  fuel  atomizer 
Air      =    Air  assist  fuel  atomi.zer 
Steam  =    Steam-fuel  atomizer 
Cyc      =    Cyclone  furnace  coal  combustor 
UFS      =    Underfed  stoker  coal  burning  equipment 
Sprd    =    Spreader  stoker  coal  burning  equipment 
Pulv    =    Pulverized  coal  burning  equipment 
MBH      =    Million  BTU  per  hour 
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NO2/IO6  BTU   (Cato  et  al.).     Increasing  combus- 
tion intensity  resulted  in  increased  NOx,  but 
other  changes  in  operating  parameters  had 
little  effect. 

The  Keavy  fuel  oil  emissions  were  higher, 
0.20  to  *0.81  lb  NO2/IO6  BTU,   and  more  sensitive 
to  the  operating  conditions.     The  nitrogen  con- 

'  tent  of  the  fuel  had  a  particularly  strong  ef- 
fect since  an  estimated  44  percent  of  the  fuel 
nitrogen  was  converted  to  NOx.     NOx  emissions 
decre^^d  with  decrea&ing  oxygen  levels ,^  burner- 
heat  release  rate   (BTU/hr /burner) ,  and  combus- 
tion intensity.     Emission  reductions  of  6  to  29 
percent  were  obtained  by  using  stoichiometric 
or  staged  combustion.     The  technique  of  fuel 
atomization  did  not  strongly  influence  the 
emissions  as  long  as  good  atomization  was  achie- 
ved.    Th(S  two  ^highest  emission  levels  for  No.  5 
oil  were  the  result,  of  preheating  ^e  oil  to 

'  only  130F,   rather  than  160  to  180F  as  in  most 
other  tests.     Increasing  the  oil  temperature 
improved  the  atomizer  effectiveness  and  reduced 
the  NOx  emission  levels. 


Coal-Fired  Boiler  Emissions 

Due  largely  to  the  high-  nitrogen  x:ontent  of 
coals  -{1.29  to  1.80 'percent  by  weight^n  the  KVB 
study) ,   the  emissions  from  coal-fired  units  were 
generally  higher  than  those  from  oil  or  gas 
fired  units,   i.e.,   0.31  to  1.12  lb  NO2/I06.BTU. 
(Cato  et  al.)     The  lowest , emissions  from  coal- 
fired  units  were  from  underfed  stoker  coal 
burning  equipment.     In  these  units  the  air  fed 
up  through  the  grating  is  insufficient  for 
complete  combustion,   so  additional  air  m,ust  be 
introduced  above  the  grating  through  oyer fire 
^ir  portSi     The  combustion  is,   therefore,  eff- 
ectively staged,  and  the  NOx  emissions  were 
quite  low,    .31  to  '.48  lb  NO^/IO^  BTU. 

Spreader  stokers,   in  which  the  fuel  is  in- 
troduced with  the  air  flow  above  the  grate,  had 
intermediate  emission  characteristics,   0.52  to 
0.77  lb  NO2/IO6  BTU.     Some  of  the  fuel  is  burned- 
in  the  fuel  spray;   the  remaining  fuel  Xs  turned 
on  the  grate  as.  in  the  underfed  stoker.  The 
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resultant  combustion  is  only  partially  staged. 
The  combustion  intensities  are  also  higher  than 
for  underfed  stokers,  possibly  increasing 
thermal  NO  formation.  y> 

Pulverized  coal  units/  in  which  all  of  the 
fuel  is  burned  in  suspension,  had  higher  emis- 
sions,   0.53  to  0.81  lb  NO2/I06  BTU.     A  unit 
equipped  with  two  cyclone-type  coal  combustors 
produced  1.12  lb  NO2/I06  BTU,  the  highest 
'emissions  of  all  the  units  tested  due  to  the 
very  high  combustion  intensity.    (Cato  et  al.) 

Reductions  of  about  0.07  Ib^NO^/lO^  BTU 
percent  reduction  in  oxygen  were  obtained  by 
reducing  the  amount  of  excess  air.     A  decrease 
in  underfire  air-rate  with  a  compensating  in- 
troduction of  air  through  openings  higher  in  the 
furnace  for  a  spreader  stoker-fireci  boiler  re- 
sulted in  about  a  46  percent  NOx  reduction,  but 
the  grate  temperature  increased  beyond  its  allo- 
v;able  limits.     The  most  acceptable  operating 
conditions  reduced  NOx  by  20  to  25  percent. 
Controlled  NOx  emissions  were  below  0.68  lb 
NO2/10^  BTU  for  all  but  the  cyclone  fired  boiler. 
(Cato  et  al. ) 

RESIDENTIAL  AND  COMMERCIAL  SPACE  HEATII^G 
Background 

Space  heating  equipment  of  less  than  10 
million  BTU  hr  capacity  emits  about  7.1  percent 
of  the  U.S.   stationary  source  NOx.     The  emis- 
sions are  largely  near  ground  level  in  areas  of 
high  population  densities.    (Hall  et  al.  1974). 
The  problem  of  NOx  emission  from  these  sources 
may,   in  fact,  be  more  severe  than  this  number 
would  indicate  since  the  emissions  are  confined 
to  the  heating  season. 

Commerci^al  units,  which  generally  fall  in 
the  range  of  0.3  to  10  million  BTU.hr  capacity, 
include  a  mix  of  packaged  firetube,   cast  iron, 
and  watertube  boilers.    (Barrett  et  al.  1973). 
These  units  are  equipped  to  burn  natural  gas 
(56  percent),  number  2  oil   (38  percent^,  number 
4  and  5  oils    (8  percent),   and  number  6  oil  (4 
percent) .     About  6  percent  of  the  units  have  dual 
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fuel  capabilities.     Commercial  boilers  are  di-  * 
signed  to  operate  with  a  minimum  of  manual  con- 
trol and  maintenance  for  a  life  of  from  10  to 
45  years  depending  upon  the  type  of  unit, 

Residential  units  are  much  smaller;  about 
70  percent  have  capacities  of  less  than  0.2 
million  BTU/hr,  and  r96  percent  have  capacities 
of  less  than  0,42  million  BTU/hr.    (Barrett  et 
al.   1973).     The  units  include  v;arm  air  furnaces, 
hot-water  and  steam  boilers,  and  v;ater  heaters, 
and  are  fueled  primarily  by  distillate  oll(No- 
2)   or  -natural  gas.     Operation  is  generally 
controlled  by  a  thermostat  and  maintenance  is 
on  an  annual  schedule,  at  most. 


Emissions  from  Residential  Space 
Heating  Equipment 

Specific  NOx  emission  levels  from  residen- 
tial units  ^^erage  about  0.14  lb  NO2/10^  BTU, 
(Barrett  et  al.    1973)  which  is  low,  primarily 
as  a  consequence  of  low  combustion  intensities 
in  these  units.  About  90  percent  of  the  resi- 
dential units  tested  in  a  recent  field  survey 
(Barrett  et  al.   1973)   of  oil-fi|red  space  heat- 
ing equipment  had  emissions  beJ^v/  0.2  lb  NO2/ 
10°  BTU;   the  highest  emission,  level  measured  in 
that  survey  was  about  0.29  lb  NO2/10^  BTU. 
Normal  service  and  adjustment  practice  had  very 
little  effect  on  the  emission  level  of  NOx  or 
any  pollutant  other  than  smoke. 

A  recent  EPA  study   (Hall  et  al.  1974) 
(USEPA  19)  provides  more  detailed  information 
on  the  effects  of  operating  conditions  and  bur- 
ner design  on  residential  heating  equipment 
emissions.     Combustion  improving  devices,  v;hich 
utilize  flaiTie  Irretention  to  produce  a  more  in- 
tense flame  ro^ion,  tend  to  increase  efficiency 
and  to  increase  NOx  eiulssions.     A  spark  igni- 
tion system  was  found  to  produce  between  7  and 
10  percent  of  the  NOx  due  to  continuous  opera- 
tion of  theU^ign^tion  arc  during  the  burning 
cycle.     Turning  the  ignition  system  off  afLer 
startup,  or  ofsing  low  power  output  ignition 
could  eliminate  this  source .     Other  modifica- 
tions to  exisH:ing  equipment  designs  were  found 
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to  have  very  little  effect  in  this  study.  Hoi-;- 
ever,   significantly  lov;er  levels  of  NOx  emis- 
sions have  been  demonstrated  ivithout  increases 
in  other  pollutant  emissions,  or  loss  of  ef- 
ficiency X'/ith  both  optimized  operation  of  conven- 
tional systems   (Dickerson  and  Okuda  197  3)  ,  and 
new  combustor  coaicepts   (Dickerson  and  Okuda 
1974,  Hall  et  al,   1974,  Thompson  et  al, 
1973).     In  a  recent  EPA-sponsored  program, 
Rocketdyne  has  developed  low  emission  burners 
based  on  conventional  design  practices,  (Dicker- 
son  and  Okuda  1974),     One  unit  tested  for  128 
hours  vjas  a  20000  BTU/hr,  residential  size 
burner  which  produced  about  0,048  lb  NO2/10^ 
BTU.     A  commercial  size,   180,000  BTU/hr,  unit 
vjas  also  tested  for  112  hours  and  produced  only 
0.025  lb  NO2/10^  BTU.     Burner^  vjhich  use  hot 
combustion  products  to  prevaporize  the  liquid 
fuel  can  achieve  very  lovj  levels  of  all  pollu- 
tants with  0.02  to  0.07  lb  NO2/10^  BTU  during 
steady  state  operation.     During  startup,  how- 
ever,  the  fuel  vaporization  is  not  effective  in 
some  systems  and  the  CO  and  smoke  emissions  are 
high.     Internal  recirculation  of  combustion 
products  is  also  very  effective  in  reducing 
thermal  NOx  formation  by  reducing  flame  tempera- 
tures.    NOx  emissions  as  low  as  0.015  lb  NO2/ 
106  BTU  have  been  reported.     The  lov;est  emission 
levels  reported,   less  than  .005  lb  NO2/10^  BTU, 
have  been  achieved  using  catalytic  combustion; 
(Dickerson  and  Okuda  1974,  Thompson  et  al. 
1973),   h<2)wever,   the  associated  hydrocarbon 
emissions  were  very  high.     These  studies  have 
demonstrated  that  very  low  NOx  emission  levels 
are  achievable  for  residential  and  commercial 
heating  units.     However,   further  development 
vjill  be  required  before  these  systems  become 
practical  for  wide  scale  application. 


Emissions  from  Commercial  ^oilers 

The  specific  NOx  emissions  from  commercial 
boilers  fired  v/ith  natural  gas  or  No.   2  oil  are 
comparable  with  the  emissions  from  residential 
units,   i.e.,   0.07  to  0.20  lb  NO2/IO6  BTU, 
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(Barrett  et  al,  1973).     Combustion  of  residual 
oils,  No.  4,  5,  or  6  oil,  resulted  in  emissions 
as  high  as  0.47  lb  NO2/10^  BTU  in  a  Battelle 
field  study,    (Barrett  et  al.  1973)  primarily 
due  to  the  nitrogen  content  of  these  fuels, 
about  60  percent  of  which  v/as  converted  to  NOx. 

For  heavy  oil  combustion,  reduced  excess 
air  resulted  in  reduced  NOx  emissions,  but  also 
high  smoke  and  carbon  monoxide  emission  levels. 
Techniques  such  as  staged  and  low  excess  cair 
combustion  which  have  been  applied  for  fuel 
NOX  control  in  utility  boilers  might  b<^  adaptable 
\  -  to  large  commercial  boilers,  but  have  not  been 

applied  to  date.     Switching  to  low  nitrogen 
content  fuels,  such  as  natural  gas  and  No.  2 
oil,   if  they  are  available,  would  be  one  me^ns 
of  NOX  control  for  commercial  units  for  which 
modification  of  the  combustion  process  is  not 
feasible.     New  combustion  concepts  such  as  pre- 
vaporization  of  the  fuel  or  surface  combustion 
also  have  potential  for  commercial  units,  but 
have  not  been  demonstrated. 


JNTKRNAL  COMBUSTION  ENGINES 

Types  and  Locations 

Internal  combustion  engines  produce  about 
21.3  percent  of  the  total  stationary  source  NOx 
emissions,  second  only  to  utility  boilers 
(Martin  1974).     The  installed  capacity  of  sta- 
tionary engines  is  distributed  about  equally 
between  reciprocating  engines   (34.7  million 
horsepower)   and  gas  turbines   (35.5  million 
horsepower)    (McGowin  1973).     The  applications 
and  NOx  emissions  of  these  two  classes  of 
engines  are  quite  different.     Estimdtes  ot  power 
goneration  by  engines  indicate  that  reciproca- 
ting engines,  generate  abont  71.8  percent  ot  the 
power  while  gas  turbines  generate  the  remaining 
power   (McGowin  1973)   corresponding  to  utiliza- 
tion of  58  and  22  percent,  respectively,  of  their 
installed  capacities.  Emission  estimates  for 
these  two  sources  are  somewhat  uncertain,  par- 
ticularly for  gas  turbines  whose  total  emis- 
sions have  been  estimated  at  131   (Martin  1974) 
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to  291   (McGowin  1973)   thousand  tons  of  NOx  per 
year.     Nonetheless,  it  is  clear  that  recipro- 
cating engines  produce  the  vast  majority  of 
the  stationary  engine  emis'sions. 

Recent  survey  estimates   (McGowin  197  3)  of 
the  installed  pov/er,   fuel     usage,  emissions, 
and  power  generation  for  stationary  engine  ap- 
plications are  tabulated  in  Table  15-6.  In 
terms  of  installed  horsepower,   the  major  uses 
of  engines  are  electric  power  generation  (54. 
8  percent),  oil  and  gas  pipelines   (22.4  percent), 
agriculture   (10.7  percent),  natural  gas  proces- 
sing  (5.6  percent)   and  production   (4.6  percent).^ 
The  major  sources  of  stationary-engine  NOx  emis-* 
sions  are  oil  and  gas  pipelines    (41.6  percent), 
natural  gas  prpcessing   (19.2  percent),  and  natu- 
■   ral  gas  production   (13.8  percent)   which  use 
primarily  spark  ignition  gas  engines,  and  agri- 
culture  (14.2  percent)   which  uses  primarily 
diesel  engines'!     Electric  pov/er  generation,  . 
which  accounts  for  most  of  the  installed  horse- 
power, produces  only  about  5  to  10  percent  of 
the  stationary  engine  NOx  due  to  two  factors: 

(1)  the  overall  load  factor  for  engines  used  in 
electric  power  production  is  only  12  percent 
since  the  primary  application  of  such  engines 
is  for  peak  and  stand-by  power  generation;  and 

(2)  most  of  the  installed  horsepower  is  in  the 
form  of  gas  turbines  which  produce  much  lower 
NOx  emissions  than  reciprocatihg  engines.  Re- 
ciprocating engines  are  used  for  peak  pov;er 
generation  in  older  installations  and  continue 
to  find  application  for  electricity  generation 
in  municipalities,  hospitals,   schools  and 
shopping  centers  which  are  too  small  to  use  gas 
turbine  units.     In  recent  years,  both  large 
electric  utilities  and  natural   gas  pipelines/^ 
have  been  favoring  large  gas  turbines. 

Recent  projections  from  the  electric 
utility  industry   (NERC  1974)   for  the  period 
1974-1983  indicate  a  75  percent  increase  in  the 
gas  turbine  generating  capacity  and  a  four-fold 
increase  in  electric  power  generated  by  gas 
turbines  for  continuous  power  generation  in  ad- 
dition to  _ptiak  power  generation;     This  will  be 
accompanied  by  slightly  reduced  usage  of 
natural  gas  and  increased  usage  of  both 
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StatiOnarjif  Encrinoo  in  tho  Unit^  Gtotoo   (HcGowin  1973) 

Puol  COnounption" 


Inotallod  Horoopowor  -  lo^  Bhp  10^2  qj.^ 


Load 
pQCtor 
t 

Dioool 

Puol 

Can 
Engxno 

Gaa 
,  Turbino 

Total 

 ^  

rjatural 

Gao 

o  o 

Electric 

Potjor 

12 

1,570 

3,  710 

90 

30, 440 

33,010 

127. Z4 

200. 14 

Oil  k  Gqd 
Pipolino 

69 

030 

390 

10 , 990 

} «  5 20 

00  2^  06 

40.  77 

rJatural  Gqd 
ProcoDoing 

2,410 

1.  530 

3,  940 

432.60 

Oil  &  Gaa 
Exploration 

15 

1.  500 

500 

2,000 

5.  09 

14.67 

Crudo  Oil 
Production 

V 

052 

052 

42.66 

Natural  Gao 
Production 

3.237 

3.237 

190.04 

Agricultural 

40 

7.  500 

7,500 

190.94 

Industrial 

Procooo 

o 

220 

.  30 

11.00 

Municipal 
Wator  L 
Sow ago 

75 

465 

465 

930 

24.00 

23.14 

TOTAL 

11,065 

4, 100 

18,774 

35. 490 

70. 229 

1635.75 

557.66 

(a) 

Calculated  aoouming  Higher  boating  valuoo  of  5.0  x  10^  Dtu/Dbl  for  oil 
and  1070  Dtu/SCF  for  natural  gaa. 
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TABLE  B-6   (cont.  ) 


Powor  <nonorotionr 

Annuai  tiO^ 

EDiooiono 

Enioolon 

Foctoro 

10^  mip 

hr 

Tono 

gD  NO„/bhp  hr 

Goo 

Roclp 

Goo 
Turbino 

TotOi 

nocip 

Goo 
Turbino 

5,  900 

33, 240 

62,440 

62,920 

125, 360 

9.61 

1.72 

7  3  ,  700 

,  21,260 

39,000 
t 

yo.  000 

970,000 

11.46 

1.70 

15,010 

429, 690 

"20, 1^0 

457,020 

12.47 

1.  70 

2,000  , 

31*720 

31,720 

11. 16 

0,410 
24,100 

&2, 370 
300, 200 

62, 370 
300, 200 

10.  4|. 
1^61 

iP 

26«200 

31^,700 

31(J,700 

11.01 

■> 

11.61 

1,510 

19, 500 

19,300 

6^,  1 1 0 

76,  100 

76,  100 

11.31  ^ 

176,070 

69, 010 

2,2  30,720 

130,000  2, 

369,570 

Per  cont  <tapacity 
^0.  12%         22. 36  . 
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distillate  and  residual  oils  as  gas  turbine 
fuels.    (NERG  1974) . 

Large  concentrations  of  stationary  engine 
horsepower, J  e.g. ,   10,000  to  60,000  Bhp,  re- 
ciprocating engines  at  some  pipelipe  compres- 
sor stations,  may  represent  significant  local 
pollution  sources.     Most  pipeline  compressor 
stations  are  remote  from  population  centers; 
however,  there  is  some  human' exposure  at  most 
compressor  stations  and  the  NOx  levels  may  be 
high    (McGov/in  1973). 

Stationary  reciprocating  engines  can  b^ 
classified  in  several  categories.     The  fuel/ 
air  mixture  may  be  ignited  in  reciprocating 
engines  by  either  an  electrical  spark  discharge 
(spa*rk  ignition  engines)  or  by  compression 
heating   (d^iasel  engines)  .     Natural  gas  engines 
are  almost  alv/ays  spark  ignited.     In  diesel 
engines  combustion  is  controlled  by  injecting 
fuel  into  the  cylinder  through  a  spray  nozzle 
at  the  proper  time  during  the  compression 
stroke.     Dual  fuel  engines  can  operate  on  100 
percent  fuel  oil  or  natural  gas  to  which  fuel 
oil  has  Jbeen  added   (about  5  percent  on  the  basis 
of  heating  value)   to  serv^  as  a  pilot  for 
ignition.  v 


StationarySgas  turbines  have  evolved  from 


sists  of  a  compressOT  in  which«  the  air  is 
compressed  from  100  to  200  psig,  followed  by  a 
combustor  in  v/hich  fuel   (Iciqoiid  or  gaseous)  is 
added.     Combustion  occurs  at  mixtures  of  fuel 
and  air  vrfiich  are  overall  very  fuel  lean.  The 
combustion  gases  are  then  expanded  through^  a 
turbine  or  turbines  to  Jiear  atmospheric  pres- 
sure, converting  their  energy,  to  power.  The 
simple  cycle  gas  turbine  thermal  efficiency  is 
24  to  31  percent.     The  efficiency  of  the  gas 
turbine  can  be  increased  by  further  extraction 
of  heat  from  the  exhaust  gases  which  normally 
leave  the  turbine  at  800  F  to  HOOF.     In  a  re- 
generative cycle  this  is  done  by  passing  the 
air  leaving  the  compressor  through  a  heat  ex- 
changer in  which  some  of  the  heat  of  the  ex- 
haust gases  leaving  the  turbine  is  transferred 
to  the  pressurized  air.   In  such  a  cycle  less 


In  its  simplest  form, 
(simple  cycle)  con- 
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fuel  is  required  for  fixed  turbine  inlet  temper- 
atures increasing  the  thermal  efficiency  to 
about  34  to  38  percent.     Another  v;ay  of  utili- 
zing the  exhaust  v/aste  heat  is  in  a  combined 
cycle.     In  this  case  the  exhaust  gases  are 
used  to  produce  steam  v/hich  can  then  be  used  to 
drive  a  steam  turbine  to  produce  additional 
pov/er.     Due  to  its  high  thermal  efficiency^ 
currently  40  to  ^42  percen^t,   the  combined  cycle 
^as  turbine  is  being  favored  by  electric  utili- 
ties in  nev;  installations. 


Emission  Levels  ^ 

Table  15-7  summarizes  the  emission  factors 
used  in  the  estimates  of  exhaust  emissions  from 
stationary  engines  described  above.  While 
there  is  considerable  variation  in  the  emissions, 
indicated  by  the  numbers  in  parentheses,  these 
figures  provide  a  useful  basis  for  comparison 
of  the  uncontrolled  emission  levels  of  the 
various  engines. 

Except  for  gas  turbines  and  prechamber 
diesel  engine^,   the  NOx  levels,   in  th^range 
2.8^  4.2  lb  NOx/lQo  BTU, exhibit  only  rfeuior 
differences  among  the  different  engine  t^^j^s 
(McGov/in  1973)  .     Turbocharging  results  in  \ 
slight  increases  in  NOx  emissions  over  naturally 
aspirated  engines  due  to  increased  temperatures. 
Prechamber  diesel  engines,   in  v/hich  cOTijDUstion 
is  initiated  in  a  fuel  rich  environment,  emit 
about  half  as  much  NOx  as  direct  injection 
diesels . 

Gas  turbine  NOx  emissions  are  one-tenth 
the  emissions  of  reciprocating  engines,  pri- 
marily as  a  result  of  lov/er  peak  temperatures 
aiid  shorter  residence  times  in  the  combustion 
chamber.   Emissions  from  distillate*-oix  fired 
gas  turbines  are  about  a  factor  of  tv/o  higher 
than  emissions  from  gas  turbines  fueled  with 
natural  gas   (Johnson  and  Schiefer,  Roessler  et 
al.   1974) .     Since  the  electric  utility  pro- 
jections indicate  increasing  reliance  on  oil 
as  gas  turbine  f uel .  including  residual  oils 
as  a  substantial  fraction  of  total  fuel  by  the 
mid-1980*s   (NERC  1974),  the  uncontrolled  specific 


ERIC  ni);> 


860 


TADLEl'j-7 


Englno 

Cnioolon  Pactoro 

(McGoyin  197  3) 

Engine 
Typo 

CO 

0 

Cycle 

Lnarging 
Air  Vnol 

Dtu 

Ib/lOC' 

.  Utu 

Uioool 

4 

7202 

42 
(3.5-4. 

0) 

1 .  2 

0-43  ^ 

*j 

a 
o 
0* 

MA 

0420 

2.9 
( 1  -  9  -  5  . 

6) 

1  -  4 

1.4 

o 

TC 

PC 

7252 

1 .  6 
(1.  1-2. 

2) 

0-49 

0.10 

rjA 
«f 

PC 
Ul 

0420 
7040 

1 . 

4  .  1 

1 .  7 

0.22 

a 

a  c, 
0 
*j  ^ 

O  *J 

r; 

4 

TC 
TC 
NA 

DI 

PC 
PC 

725^ 
7252 
04  2^"" 

3-  3 
2  .  3 
"^^1.6 

1.2 

0.2Q 

0.25 

0.04 
0.Q3 
0.05 

0 

Dual  fuel 

4 

TC 

DI 

•i97  0 

(2.9-3 

-  1) 

0.  74 

1  .  1 

Natura 1 
Craa 

4 

TC 

DI 

60  30 

3  .  9 

(  3  .  "i-  4 

■  9) 

0.  32 

0.65  ' 

NA 

7150 

3.6 
(2.4-4 

-9) 

0.4  3 

0.  62 

Tt' 

High 

fjpocd 

7000 

4.0 

{  3,  "1-4 

^9) 

1.0 

0.66 

2 

TC 

DI 

663S 

3,5 
(2.  3-6 

.7) 

0  .  90 

1.5 

NA 

Dl 

'  7100 

3 .  3 
(1.4-0 

-  1) 

0.09 

3,  3 

Turbino 
(natural 

gan ) 

'  1110*1 

0.  34 

(0. 17- 

0.51) 

TC  °  Turbocharqoci 
Direct  Injection; 


;  NA  =  Naturally  Aopiratod;  SC  =  Suporchargod j  DI  = 
PC  «  Prochanfaor  Engine:     oil;     HHV  =>   196  00  Dru/lb. 
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emissions  for  gas  turbines  may  be  expected  to 
increase.     Fuel-nitrogen  may  play  an  important 
role  in  determining  the  achievable  emission 
levels,   since  the  limited  data  available  on 
fu^l-NOx  formation  in  gas  tu^birxps  suggests  a 
high  conversion  efficiency  of  fuel-N  to  NOx 
(Fenimore  1972,  Dilmore  and  Rohrer  1974). 


NOx  Emission  Control  Technology 

Many  emission  contrc^l  techniques  which 
have  been  developed  for  mobile  sources  are  po- 
tentially applicable  to  stationary  engines; 
however,  different  design  constraints  may  make 
techniques  either  more  or  less  desirable  for 
stationary  engines  than  for  mobile  engines. 
Size  and  weight  constraints  are  severe  f^or 
mobile  engines,  and  durability  is  an  important 
characteristic  of  an  engine  used  in  stationary 
applications.     Techniques  to  reduce  NOx  include 
engine  derating,  fuel  injection  and  ignition 
timing  retard,  exhaust  gas  recirculation,  cata- 
lytic Converters,  water  or  steam  injection,  and 
engine  component  and  operating  condition  modifi 
cations.  Methods  developed  or  evaluated  for 
mobile- source  NOx-control  may  be  applicable  to 
stationary  engines,  but  the  emission  control 
achievable  and  the  operating  parameters  in 
stationary  applications  cannot  be  directly  in- 
ferred from  data  obtained  on  smaller  mobile 
engines.     Siijce  the  carbon  monoxide  and  unburn- 
ned hydrocarbon  emissions  of  large,  stationary, 
reciprocating  engines  tend  to  be  quite  low, 
moderate  increases  in  these  emissions  due  to 
NOx  control  may  be  acceptable  although  this  ' 
must  be  determined  on  a  case-by-case  basis. 

A  detailed  discussion  of  control  techni- 
ques for  various  engine  types  appears  in  Ap- 
pendix 15-A  but  the  major  conclusions  are  sum- 
marized here.     In  diesel  engines,  adjustment 
of  the  fuel  injection  timing  can  reduce  NOx 
emissions  by  about  40  percent  without  major 
hardware  alteration.     The  NOx  reduction  is  ac- 
companied by  increases  in  fuel  consumption  and 
in  carbon  monoxide  emissions.  Cooling  the  in- 
take air  can  reduce  NOx  emissions  and  improve 
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fuel  economy.     Optimization/of  the  fuel  in- 
jection system  may  produce  modest  reductions 
(20  percent  for  one  engine)   in  NOx  without  in- 
creasing fuel  consumption. 

Diesel  NOx  emissions  can  also  be  reduced  by 
as  much  as  50  percent  by  water  injection  into 
the  intake  system  with  very  little  change  in 
,  fu^..(^on sumption    but  corrosion  problems  must 
be  ot^olved  before  water  injection  techniques 
become  useful  for  stationary  engines. 

Exhaust  gas  recirculation   (EGR)  has  been 
shown  to  be  a  very  effective  NOx  abatement 
technique  for  diesel  engines.     Fifty  percent 
reductions  in  NOx  emissions  have  been  achieved 
using  EGR  with  only  a  small  penalty  in  fuel- 
consumption.     However,  the  NOx  emission  re- 
ductions are  accompanied  by  a  lOQ  to  150  per- 
cent increase  in  carbon  monoxide  and  smoke. 

NOx  can  be  removed  from  diesel  exhaust 
gases  by  catalytic  reduction.     Very  high  re- 
moval efficiencies  have  been  observed  but  the 
costs  are  high  and  significant  development  work 
will  be  required  before  wide  scale  application 
will  be  practical. 

In  spark  ignition  engines,  a  fuel  rich  mix- 
ture results  in  low  NOx  emissions  at  the  expense 
t  of  increased  carbon  monoxide  and  hydrocarbon 
^emissions  and  of  increased  fuel  consumption. 
^Stratified  charge  engines  offer  the  possibility 
of  substantially  reduced  emissions  as  well  as 
reduced  fuel  consumption. 

Reducing  the  temperature  of  the  fuel/air 
mixture  in  a  spark  ignition  engine  results  in  a 
moderate  reduction  in  NOx  emissions  while  re- 
ducing fuel  consumption.     Water  injection  can 
reduce  the  NOx  emissions  by  as  much  as  80  per- 
cent, but  this  may  be  accompanied  by  a  signifi- 
cartt  increase  in  fuel  consumption.     Exhaust  gas 
recirculation  can  reduce  NOx  emissions  by  as 
much  as  80  percent,  but  the  fuel  economy  loss 
is  considerable.     Recirculating  only  fiv^  to 
ten  percent  cf  the  exhaust  gas  and  advancing  the 
spark  timing  can  minimize  the  I6ss,  making  40  ^ 
percent  reductions  in  NOx  emissions  possible. 

For  all  techniques  designed  to  reduce  NOx 
emissions  from  spark  ignition  engines,  the 
effects  on  engine  durability  must  be  determined 
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before  long  term  use  on  stationary  'engines  is 
practical. A  meaningful  assessment  of  the  cost  of 
emission  control  for  large  stationary  gas 
engines  has  not  yet  been  performed. 

Water  or  steam  injection  has  been  shown  to 
be  a  very  effective  technique  for  stationary 
gas  turbine  NOx  emissions.     For  small  gas  tur- 
bines  (less  than  2  Mw)   the  costs  of  this  -techni- 
que may  be  prohibitive.     NOx  reductions  of  50 
to  75  percent  have  been  achieved  with  water  in- 
jection with  only  slight  increases  in  carbon 
monoxide  emissions.     Water  injection  is  cur- 
rantly  being  used  by  some  utilities  without 
observed  deleterious  effects  as  long  as  th^ 
v/ater  purity  is  maintained  at  a  high  level. 


INDUSTRIAL  PROCESSES 

Industrial  Process  Heating 

It  is  estimated  that  industrial  process 
heating  contributed  3.3  percent  of  total  sta- 
tionary source  emissions  in  1972.     The  sources 
include  open-hearth  furnaces  with  high  air-pre- 
heat used  for  glass-melting  and  to  a  decreasing 
extent  in  steel  making;   rotary,  vertical,  and 
tunnel  kilns  used  in  Cement,  lime,  and  ceramic 
industries;   pyrolysis  process  furnaces  for 
ethylene  and  propylene  production;  petroleum 
heaters r  cat-cracking  regenerations,  and  CO 
boilers  in  the  petroleum  industry;  billet-re- 
heating and  ingot-soaking  furnaces,  coke-ovens 
and  blast  furnaces  in  the  steel  industry;   and  a 
large  variety  of  heat-treatment  furnaces  in  the 
metallurgical  industry.     The  emissions  from 
these  sources  have  not  been  well  documented. 
In  view  of  the  small  contribution  to  the  total 
national  emissions  of  NOx  and  the  diversity  of 
sources,   the  control  of  emissions  from  process 
heating  furnaces  has  received  comparatively 
little  attention  other  than  through  the  develop- 
ment of  low-emission  burners  by  the  equipment 
manufacturers  that  supply  the  combustion^ 
equipment.     The  applicability  of  combustion 
modification  techniques  to  process-heaters 
depends  upon  the  specific  heater  design  and  no 
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potential  for  control  of  emissions  from  tnese 
sources. 


The  major  non-combustion  sources  of  NOx 
are  the*" manufacture  and  use  of  nitric  acid 
which  were  estimated  to  contribute  1.3  percent 
of  the  stationary  source  emissions  in  1972. 
The  techniques  for  controlling  NOx  emission 
from  non  combustion-sources  are  based  on  re- 
moval of  the  NOx  from  the  tail,  gas  by  selective 
or  non-selective  reduction,   adsorption^  and 
absorption.     Uncontrolled  emissions  from 
nitric  acid  plants  are  in  the  range  of  2000  to 
3000  ppm (approximately  28  to  41  lbs  per  ton  of 
acid)  and  are  characterized  by  approximately 
equal  concentrations  of  NO  and  NO9 .     As  a  con- 
sequence of  the  cost  of  installation  of  tail- 
gas  treatment  processes  to  meet  emission  stan- 
dards of  3.0  lbs/ton  of  acid  for  new  plants, 
nitric  acid  plants  are  being  designed  to  yield 
lower  concentration  effluents. 

The  most  commonly  used  emission-control 
technique  at  present  is  the  catalytic  combus- 
tion of  the  ^Ox  using  a  fuel,   generally  natural 
ga&,  and  a  platinum  or  palladium  catalyst 
(BaJftok  et  al.   1969,   Gillespie  et  al.  1971). 
In  this  process  sufficient  fuel  must  be  sup- 
plied to  consume  the  oxygen  present  in  the 
tail-gas 'and  part  of  the  energy  released  is 
recovered  in  a  waste  heat  boiler  and/or  a 
power  recovery  turbine.     A  selective  reduction 
technique  has  been  developed  using  ammonia  to 
reduce  the  NOx  without  consuming  the  oxygen. 
For  this  technique  to  work,   the  catalyst  bed 
temperature  must  be  carefully  contro^-led  and 
maintained  in  the  range  of  410F  to  520F. 
Several  selective  abatement  techniques  have 
been  installed  on"*  commercial  units   (Bartok  et 
al.   1969) . 

A  commercial  adsorption  process  has  been 
developed  utilizing  a  molecular  sieve  bed  to 
catalytically  convert  NO  to  NO2  and  to  adsorb 
th^  NO2  product.     Continuous  operation  is 
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achieved  through  the  use  of  two  beds  in  an  ad- 
sorption-desorption  cycle.     The  NO2  is  recycled 
to  the  nitric  acid  plant.     High  recovery  effici- 
encies are  claimed  for  this  process  at  costs 
competitive  with  catalytic  reduction  (Fornoff 
1972)  .     Tv/o  units  have  been  installed  on  com- 
mercial plants. 

Absorption  techniques  for  NOx  are  hindered 
by  the  relatively  lov/  solubility  of  NO.     A  pro- 
cess enhancing  the  absorption  of  NOx  by  cataly- 
zing the  oxidation  of  NO  to  NO2  has  been  commer- 
cialized  (Mayland  and  Heinze  1973;)  . 

For  typical  NOx  concentrations  in  a  tail 
gas  of  about  3000  ppm,  the  methods  described 
above  can  achieve  over  90  percent  removal.  The 
best  abatement  technique  for  a  given  unit  dapends 
on  the  specific  conditions  at  a  plant.  Invest- 
ment and  operating  costs  are  of  the  order  of 
$1500/ton-per-day  capacity  and  $1.50  per  ton  of 
acid  produced,  but  vary  greatly  with  location, 
size,  and  design  of  a  unit. 


FLUIDIZED  BED  COMBUSTORS 


Stat;e  of  Development 

The  combustion  of  coal  in.fluidized  beds 
operated  in  the  temperature  range,  of. 1400F  to 
2000F  appears  to  have  a  number  of  advantages 
over  conventional  utility  pulverized-coal  boilers 
v/ith  stack-gas  clean-up.     These  advantages,  in- 
clude: 

(aj   high  heat  release  rate.s  per  unit  v^^iume 
permitting  the  construction  of  rexduxvely  conpact 
boilers  without  penalizing  the  over-all  combi.stior 
efficiency; 

(b)   high  rates  of  heat  transfer  to  tub^s 
immersed  in  the  bed  and,  therefore,  a  relatively 
small  tube  surface  area;  .    .  / 

ic)    sulfur  dioxide  removal  cap^ilities  of 
80  to  95  percent  by  injection  of  limestone  or 
dolomite  irr  the  bed; 

(d)   operation  below  the  ash  softening  temp- 
eratures and,  hence,  elimination  of  slagging 
problems  and  a  reduction  in  emissions  of  hazard- 
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ous  ^race  metals   tope?-ation  at  ^temperatures 
above  2050F  may  be  used,  however,  to  promote 
self-agglomeration  of  the  ash   (Ehrlick  et 
1974)];       -  . 

(e)  us©  of  coarsely  pulverized  coal  in 
contrast  to  under  200  mesh  for  a  pulverized- 
coal  boiler; 

(f)  1qv7  nitrogen  oxide  emissions; 

(g)  potential  for  increased  cycle  efficiency 
by  use  of  pressurized  boilers  in  a  combined 
steam/gas-turbine  cycle;  and 

(h)  ability  to  handle  iov/-grade  solid  fuels 
Studies  of  fluidized  bed  combustion  for 

coal  burning  were  initiated  in  19-61  by  the 
National  Coal  Board  in  England  on  small-scale 
unites  operated  at  pressures  from  atmospheric 
up  to  6  atmospheres   (Hoy  and  Roberts  1969, 
Broadbent  1970)  .     In  1965,  v/ork  v/as  initiated 
in  the  U.S.  at  Pope,  Evans,  and  Robbins  .under 
contract  to  the  OfficJe  of  Coal  Htesearch  (Bishop 
et  al.   1966).     With  the  recognition  of  the  po- 
tential of  fluidized  bed  combustion  for  reducing 
the  emissions  of^ sulfur  and  nitrogen  oxides,  the 
U.S.  program  has  expanded  to  include  a  number  of 
organizations  working  under  the  sponsorship  of 
the  Office  of  Coal  Research  and  the  Environmental 
Protection  Agency. 

A  number  of  system  design  studies  for  the 
use  of  pulverized  combustion  have  been  conducted  , 
by  Pope,  Evans,   andoRobbins    (Bishop  et  al.  1966, 
Bishop  et  al.   1968,   Bishop  et  al.   1972,  Ehrlich 
et  aU   1974,  Ehrlich ^and  Chronowski  1974, 
Ehrlich  and  McCurdy,  Ehrlich  et  al.  1971, 
Ehrlich  1970),  Westinghouse   (Aj;,cher  et  al.'^1971), 
and  Foster-Wheeler   (Gamble  1974) .     These  studies 
lead  to  the  conclusion  that  fluidized  bed  com- 
bustion offers  its  greatest  potential  in  compe- 
tition wiWi  conventional  fossil-fuel  utility 
boilers  using  loiv-sulfur  fuel  or  stack-gas  clean- 
up.    The  ecoi\pmic  analyses  indicate  that  the 
pf'ressurized  units  used  in  combined  cycles  have 
greater  potential  in  the  long-range  than  the 
atmospheric  pressure  upits.     The  development  of 
atmospheric  pressure  combustors  is,  however, 
more  advanced  and  a  30  MW  unit  is  scheduled  for 
completion  in  1975  in  Rivesville,  Virginia. 
Depending  on  the  successful  operation  of  this 
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cell,  it  is  expected  .that  multicellular  200  MWe 
units  v/ill  be  installed  before  1980  and#800  MWe 
units  shortly  thereafter.     It  is  anticipated 
that  the  installation  of  pressurized  units  will 
follow  the  atmospheric-pressure  units.     It  is" 
clear  that  the  acceptance  by  the  utility  indus- 
tries of  the  fluidized  bed  combustors  v/ill  depend 
greatly  on  whether  or"  not  these  units  v/ill  be 
able  to  match  the  relatively  trouble-free  opera- 
tion of  conventional  pulverized-coal  units. 


NOx  Emissions  from  Fluidized-Bed  Combustors 

Fluidized-bed  combustors  have  the  potential 
of  meeting  the  existing  standards  for  NOx  emis- 
sions from  coal-fired  steam-generating  plants  by 
a  considerable  margin.     'However,  the  factors 
that  control  these  emissions  are  imperfectly  un- 
derstood.    At  the  temperatures  of  the  fluidized 
bed  negligible  amounts  of  thermal  NOx  are  ex- 
pected and  the  major  source  of  NOx  emission  is 
the  fuel  nitrogen.     This  has  been  proven  con- 
clusively in  tests  at  the  Argonne  National  Labor- 
atories which  showed  no  change  in  NOx  concentra- 
tions from  a  fluidized-bed  coal  combustor  when  ♦ 
the  nitrogen  in  the  combustion  air  was  replaced 
by  argon   (Jonke  et  al.   1969).     The  emissions 
from  fluidized  bed  combustors  are  therefore  a 
function  of  both  the  fuel  nitrogen  content  and 
the  fraction  of  fuel  nitrogen  converted  to  NOx 
during  combustion.     Many  factors  influence  the 
conversion  of  fuel  nitrogen  to  NOx.     Tests  on 
S  batch  laboratory  reactor  have  shovm  that  part 
of  the  NOx  is  contributed  by  oxidation  of  the 
volatiles  emitted  by  the  coal  and  the  remainder 
by  oxidation  of  the  char,  with  the  fractional 
contribution  of  the  volatiles  increasing  with 
increaping  temperature   (  Pereira  et  al*  1974). 
The  emissions  from  laboratory  and  pilot  units 
have  been  found  to  increase  with  increasing 
temperatu^  and  increasing  excess  air   (  Hammons 
and  Skopp/l971,  Jonke  et  al.   1969,  Jonke  et  al. 
1970,   Jonke  et  al.   1971).     Increased  pressure  in 
some  cases  yields  lower  emissions   (Vogel  et  al. 
1974) .     The  emissions  of  NOx  from  the  beds  are 
also  found  to  be  a  function  of  the  composition 
of  the  solids  in  the  bed.     Calciiam  sulfate 
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catalyzes  the  reduction  of  nitrogen  oxide.^with 
carbon  monoxide  and  the  emissions  from  a  bed 
using  calcium  sulfate  as  a  bed  material  are 
lower  than  the  corresponding  emissions  with  an 
alundum  bed  material   (Hammons  and  Skopp  1971) . 
In  addition  a  partially  sulfated  lime  is  found 
to  reduce  nitric  oxide   (Hammons  and  Skopp  1971) . 
Some  additives,  such  as  cobaltic  oxide,  however, 
cause  the  emissions  to  increase   (Jonke  et  al. 
1970,  Jarry  et  al,   1970),  possibly  as  a  conse- 
quence of  catalysis  of  the  oxidation  of  the  fuel 
nitrogen.     Representative  values  of  emissions 
for  a  range  of  conditions  are  shown  in  Table 
15-8. 

Emission  levels  of  0.10  to  0.17  lbs  NO2/IO 
BTU  have  been  attained  in  both  atmospheric  and 
pressurized  combustors  operated  slightly  fuel 
lean   (15  percent  excess  air  or  3  percent  oxygen) 
(Demski  et  al.   1973,  Vogel  et  al.  1974).  Other 
atmospheric  pressure  tests  have  yielded  higher 
erarissions  than  these  although  the  emissions 
were  still  lower  than  the  standard  for  coal  units 
(  Hairanons  and  Skopp  1971) .     If  needed,  signifi- 
cant additional  reduction  in  NOx  emissions  may 
be  attained  in  fluidized  bed  combustors  by  the 
use  of  staged  combustion  (Hammons  and  Skopp  1971) . 


TALL  STACKS  AND  INTERMITTENT 
CONTROLS  FOR  NITROGEN  OXIDES 

Until  recently  the  U.S.  Environmental  Pro- 
tection Agency  has  consistently  argued  against 
intermittent  controls 'as  a  means  of  achieving 
compliance  with  air  quality  standards.  As 
several  states  h^ve  reviewed  the  costref f ective- 
ness  of  their  clean  fuel  regulations,  intermit- 
tent controls  have^ gained  more  support.  The 
use  of  tall  stacks  and  of  intermittent  controls 
(such  as  fuel  switching  and  load  switcriing)  has 
been  directed  primarily  toward  the  control  of 
sulfur  dioxide  emissions  and  their  effects  and, 
to  a  lesser  extent,  toward  particulate  emission' 
control.     This  section  reviews  the  applicability 
of  tall  stacks  and  intermittent  controls  to 
achieve  compliance  with  NOx  standards  or  to  re*- 
duce  photochemical  smog  formation. 
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Tall  Stacks:     The"  Effects  of  |:ievated 
Release  on  Nitrogen  Oxides 


Tall  stacks   (gr(^ater  than  500  feet)  have 
, been  proposed  ag  possible  control  methods-  for 
sulfur  dioxide  but  their  use  may  have  an  effect 
on  nitrogpn  oxides.     For  pollutants  x*;ith  long 
half-ldve&-»  (several  hours  to  several  days)  pre- 
dicted groi&d  leve^  concentrations  of  pollutants 
are  reduced  significantly  by  the  use  of  taller 
stacks.     As  seen  in  Figvire  15-6  ^   increasing  the 
effective  stack  height  by  a  factor  of  10  decrease; 
the  precjicted  maximum  dov/nv/ind  concentration  by 
two  orders  of  magnitude.     Of  course,   there  are 
ni^ny  siinplifying  assumptions  in  these  calcula- 
t-ions>   for  example  the  existence  of  flat  terrain, 
which  -restrict  their  direct  application. 

•"Moreover,  air  pollutants  are  not  chemically 
inert.  '  Nitric  oxids  is  oxidized  to 'nitrogen 
dioxide  which  can  dissqlve  in  water  droplets  to 
form  nitric  acid.  ^  The  acid  is  neutralized  to  ' 
nitrates,  and  the  nitrates  are  eventually  de- 
posited on  th^  surface.    -The  conversion  times 
for  nitric  acid  and  nitraba  formation  are  a 
factor  o£  three  to  four  times  faster  than  -these 
for  sulfuric  acid  and  sulfates,   the  result  of 
similar  processes  vjhich  occur  with  sulfur  di- 
oxide emissions.     Thus  secondary  nitrogen  oxide 
products  such  as  nitric  acid  can  potentially 
have  a  much  more  seri'ous^  impact 'in  the  vicinity 
of  the  source  than  sulfur  oxide  decay  products. 

The  effects  of  tall  stacks  on  the  .formation 
•of  secondary  pollutants  is  somewhat  speculative. 
Assume  that*  these  stacks  v/ill  service  large,  high 
efficiency  combustion  processes,   for  example 
power  plants.     hydrocarbon  and  carbon  monoxide 
emissions  should  therefore  be  extremely  small. 
The  NO  emissions  at  higher  levels  will  be  separ- 
ated from  the  ground  level  hydrocarbon  and  carbon 
monoxide  automobile  emissions.     Hydrocarbons-  and 
carbon  monoxide  are  important  in  the  production 
and  recycling  of  the  transient  radicals  which 
drive  the  net  dynamic  balance  equation  to  the 
.conversion  of  NO  to  NO2  as  shown  in  Chapter  14, 
Appendix  14-A.     Calvert   (1973)  ,   for  example, 
has  shown  in  numerical  simulations,  that  if 
hydrocarbons  are  absent,  decreased  GO  concentra- 
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tiono  lower  the  maximum  levels  of  NO2  and  O3. 

On  the  other  hand,  tall  otacko  may  releaoa 
NO  into  regions  rich  in  ozone.     Coffey  and 
Staoiuk   (1975)  have  recently  Buggeote^  that 
urban  peak  osone  concentrations  are  primarily  a 
result  of  high  background  levels  of  osone  rather 
than  local  photochemical  production.     They  argue 
that  since  urban  areas  are  major  sources  of 
nitric  oxide,     they  act  as  sinks  for  ozone.  Max- 
imum surface  ozone  levels  are  associated  with 
maximum  downward  mixing.     Unpublished  night 
ozone  measurements  by  the  authors  show  uniform 
ozone  levels  from  just  above  the  ground  to  5,000 
feet  and  peak  values  occurring  in  a  haze  layer 
between  5,000  and  5,500  feet.    (See  Figure  15-7.) 

Davis  et  al.    (1974)  haVe  tracked  a  power 
plant  plume  from  two  200  meter  stacks.  Ambient 
ozone  concentrations  at  this  level  had  been  con- 
sistently 60  to  80  ppb  for  several  days.  These 
high  ozone  levels*  produced  rapid  NO  to  NQ2  con- 
version.    Ozone  was  completely  depleted  in  the 
plume  out  to  24  km  downwind.     However  beyond 
this  point  ozone  concentrations  in  the  plume  be- 
gan to  rise,  eventually  exceeding  ambient  levels 
out  of  the  plume  by  20  ppb.   In  the  absence  of 
hydrocarbons  arid  carbon  monoxide,  the  authors  have 
suggested  a  photochemical  reaction  scheme  with 
the  sulfur  oxide  emissions  to  account  for  the 
long  distance  O3  generation.     Altshuller  (1974) 
has  suggested  that  "the  entrainment  bf  ambient 
air  containing  hydrocarbons  and  carbon  monoxide 
allows  the  classical  photochemical  reactions 
to  occur  after  sufficient  dillution  of  the 
plume. 

At  present,  there  are  not  enough  field 
measurements  to  determine  the  relative  effects 
of  near  ground  level  and  high  level  nitrogen 
oxide  emissions.     There  is  evidence  that  high 
level  sources   (power  plant  plumes)  may  lead  to 
increased  ozone  many  kilometers  downwind  but 
field  studies  are  needed  to  assess  rural  and 
urban  oxidant  levels  as  well  as  their  vertical 
distribution. 
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FIGURE  15-7:     Vertical  Ozone  Profile  Over 
Schenectady,  N.Y.,  October  22,   1974,  2200-2300 
Hours • 
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Intermittent  Control  Strategies 

The  use  of  interpiittent  methods  and  proce;^ 
dures  for  NOx  controls  is  limited  for  the  fol- 
lov/ing  reasons : 

(1)  although  fuel  sv/itching  is  successfully 
being  employed  to  control  ambient  sulfur 
dioxide  ^vels;  the  organic  nitrogen 
component  of  fossil  fuels  varies  only 
from  0.1  percent  for  distillate  oils 

to  greater  than  2  percent  for  Colorado 
shale  residual  oil  and  bituminous  coal: 
this  range  is  far  smaller  than  the  natu- 
ral variation  in  the  amount  of  sulfur  ^ 
in  fossil  fuels ; 

(2)  there  are  at  present  no  processes  avail- 
able which  can  readily  and  economically 
remove  nitrogen  from  the  fuel; 

(3)  unlike  sulfur  dioxide ,  which  is  formed 
entirely  from  oxidation  of  sulfur  in 

the  fuel,  some  nitrogen  oxides  originate  \ 
from  thermal  fixation  of  air  Np  durina 
high  temperature  combustion  so  that  ni- 
trogen oxides  can  be  emitted  even,  in  the 
absence  of  fuel  nitrogen; 

(4)  v/hile  fuel  sv/itching  based  on  meteorological 
parameters  to  meet  pne-hour,  three-hour 
and  24  hour  sulfur  dioxide  standards 
(depending  on  the  state)   can  be  economy 
ical  for  large  fuel  consumers  v/ith  dual 
fuel  storage  capacity,  there  are  no  short 
term  Federal  ambient  air. quality  stan- 

<^  dards  for  NOx.     The  need  for  fuel 
sv/itching  would  have  to  be  determined 
on  the  basis  of  predicted  or  measured 
photochemical  oxidant  levels.     Episodes  . 
of  high  oxidant  concentrations  can  last 
several  days,  but  the  annual  frequency 
of  such  occurrences  is  quite  low  (l^s^ 
than  0.01)    for  most  of  the  country.  It 
is  unlikely  that  large  storage  capacity 
could  be  devoted  to  low  nitrogen-content 
fuels  v/hen  the  use  of  such  fuels  would 
be  rare ; 

(5)  because  of  complicated  reactions  be- 
tween NOx  and  other  pollutants,  the 
prediction  O'f  ground  level  NOx  or 
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photochemical  oxidant  concentrations 
is  very  lancertain. 

*         »  ' 

In  spite  of  these  limitations,  there  are  ^ 
some  situations  in  wfiich  NOx  may  be  dynamically 
controlled.     Further,  through  allocation  of  low 
nitrogen  content  fuels  some  reduction  of  NOx* 
emissipns  may  be  realized.     Intermittent  or 
supplementary  control  techniques  applicable  to  v^*i 
NOx  emission  reductions  •  are  svimmarized  in  this 
Section.  ^ 

f 

Fuel  Type  Substitution:     Oil  for  Coal  .If 

The  riitrogen  content  of  distx-Tlate  oil- 
averaged  0.1  percent,  residual  oil  0.4  percent 
and  coal  1.4  percent.     On  this  basis  it  <itould 
appear  that  fuel  conversion  may  lower  NOjc  emis- 
sions    (Archer  et  al.   1971,  Armento  and  Sage 
1973a,  Armento  and  Sage  1973b,  Armento  1974, . 
Axworthy  and  Shuman  1973,   Bagwell  et  al.  1970, 
Barnhart  and  Diehl  1959).     However ,•  this  is  not 
necessarily  the  case.     On  a  BTU  rating,   the  emis- 
sions from  existing  coal  and  residual  oil  fired 
units  of  .comparable  size  are  sometimes  nearly 
equivalent.    (See  Table  15-9,  which  summarizes 
EPA  emission  factors  based  on  contractors'  fuel 
tests.)     There  is  an  emission  factor  difference 
between  new  utility  coal  and  oil  fired  units; 
in  new  plants,   for  coals  NOx  emission  limitations 
are  0.7  lbs.  per  million  BTU's,   and  for  oil  the 
NOx  emission  limitations  are  0.3  lbs.  per  million 

B^U's.  ^ 

However,  this  0.4  lbs-,  per  million  BTU 
advantage   (57  percent)   would  be  difficult  to 
achieve  simply  by  changing  fuels.-    The  lower 
emissions  factor  for  new  utility  boilers  is  a 
result  of  new  design  characteristics.     This  de- 
sign advantage  may  be  inappropriate  for  maintain- 
ing lower  emission  rates  if  fuel  is  switched. 


Fuel  Type  Substitution:     ^as  for  Oil,  Gas  for 
Goal 

The  new  soUffce  NOx  emission  limitation  for 
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large  utility  boilers  using  gaseous  fossil  fuel 
is  0.2  lbs.  per  million  BTU.     Provided,  as  stated 
above,  if  there  were  no  loss  in  boiler  efficiency, 
there  would  be  a  71  percent  reduction  in  NOx 
emissions  wheh  substituting  gas  for  coal.  For 
an  oil  to  gas  substitution  the  maximum  reduction 
would  only  be  33  percent. 

Provided  emission  limitations  are  met,  sub- 
stitution of  natural  gas  thus  may  be  an  attractive 
method  of  reducing  NOx  emissions  from  new  utili- 
ty boilers  during  times  of  elevated ^^oxidant  levels. 

Because  the  NOx  emissions  per  million  BTU 
can  be  comparable  for  coal,  oil,  and  gas  in  exist- 
ing utilities  and  large  industrial »f ired  bdilers 
(greater  than  100x10^  BTU/hr) ,  there  is  no  appar- 
ent advantage  in  substituting  fuels  for  inter- 
mittent controls  in  all  existing  facilities. 
The  situation  is  different  for  smaller  boilers. 
There,  using  different  fuels  results  in  a  sizable 
difference  in  NOx  emissions  for  the  same  heat 
equivalence.     This  difference  can  pe  translated 
to  a  reduction  of  NOx  emission  when  substituting 
cleaner  fuels.      (See  Table  15-9) 

It  should  be  noted  that  fuel  substitution 
is  only  feasible  when  dual  fuel  capabilities  are 
built  ,in.     The  cost  and  time  necessary  to  convert 
to  either  a  nevj  fuel  or  a  dual  fuel  system  make 
fuel  substitution  impractical  as  a  short-term 
intermittent  control  technique. 


Fuel  Switching:     Low  Nitrogen  Oils  for  High 
Nitrogen  Oils 

There  is  some  variation  in  the  fuel  nitro- 
gen content  of  oils,     U.S.  crude  oil  nitrogen 
content, ranges  from  0.056  percent  nitrogen  by 
weight  for  Louibiaua  crude  to  0.4  9  percent 
for  California  crude.      (See  Table  15-1)    In  the 
refining  of  crude  the  heavier  nitrogen  molecules 
tend  to  concentrate  in  the  hi^jher  boiling  point 
distillates  and  residual  oils. 

It  would  not  be  practical  to  implement  a 
fuel  switching  supplemental  control  program  to 
reduce  ambient  levels  of  NO2 .     In  most  urban 
areas  large  utility  and  industrial  point:  sour^ces 
represent  25  percent  to  35  percent  of  the  NO^ 
emissions.     The.  u^rban  point  sources  with  fuel 
switching  capabilities  probably  contribute  less 
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than  half- of  these  emissions  or  approximately 
10  to  15  percent  of  the  total  urban  NOx  emis- 
slons.     Assuming  a  stationary  source  fuel  com- 
bustion process  which  produced  NO*  in  the  flue 
gas  of  which  5D  percent  is  derived  from  nitrogen 
organically  bound  in  the  fuel  and  5*0  percent 
from  nitrogen  thermally  fixed  from  air,  a  fuel 
switching  prograitf  could  reduce  total  urban 
emissions  by  nq  more  than  about  5  percent.^  On 
balance,  there  is  extremely"  limited  value  in 
fuel  switching  to  control  NOx. on  a  short;-tenn 
local 'basis. 

This  does  rtot  imply  that  there  are  no  en- 
vironmental concerns  about  the  use  of  high  nitro- 
gen fuels.     These  fuels  sould  be  allocated  to 
areas  that  do  not  have  high  NOx  or  oxidant  J^evela 


Load  Shifting  of  Electric  Power  Generation 

With  large  regionally  integrated  electric 
power  exchanges,  the  potential  exists  to  shift 
power  generation  loads  to  reduce  pollutant 
emissions  during  adverse  meteorological  condition 
Depending  on  the  flexibility  of  individual  power 
exchanges,  load  switching  coxlld  reduce  NOx  sig- 
nificantly in  certain  areas.    J?'pr  example,  steam 
and  power  generation  contribute  30  j)ercent  of 
the  NOx  emissions  in  the  30-town  Boston  area.^. 
The  effect  of  fulfilling  electrical  demand  b^ 
generating  electricity  elsewhere  in  the  New 
England  Power  Exchange  or  in  plants  with'  lower 
NOx  emissions  could  be  sufficient  to  prevent 
violation  of  ambient  photochemical  oxidant  and 
N02  air  quality  standards  during  adverse  condi- 
tions. 

Water  Injection  to  Lower  Combustion  Temperature 

As  has  been  noted,  since  NO  formation  from 
i-h^  reaction  between  atmospheric  nitrogen  and 
oxygen  is  highly  temperature-dependent,  reducing 
peak  flame  temperature  can  be  effective  in  re- 
ducing NOX  emissions.     Steam  or  water  injections 
to  lower  peak  flame  temperature  could  be  used  as 
an  intermittent  control  technique.     During  ele- 
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vated  oxidant  conditions  reductf£on  of  KOx  emis- 
Qions  could  be  rapidly  effected  by  this  proce- 
dure.    However,  even  assuming  a  50  percent  trim- 
ming of  the  NOx  emissions,  only  5  to  20  percent 
of  an- urban  area's  NOx  would  be  reduced  at  most. 
It  is  not  known  whether  even  the  most  optimistic 
reduction  of  20  percent  would  significantly  in- 
fluence photo-oxidant  formation  during  adverse 
conditions,   for  the  reduction  in  NO  concentra- 
tions, in  general,  only  increases  the  reaction  . 
time  for  oxidant  foirmation  (Calvert  1973)  . 


FUTURE  TRENDS 


Fuel  Usage 


It  is  ptojected  that  in  the  near  future  the 
U.S.  will  need  ta. rely  increasingly ,6n  fuels  de- 
rived from  its  major  domestic  reserves  of  coal 
and  possible  sh^le.     As  the  nitrogen  content  of 
both  coal  and  shale  are  high,  increased  utiliza- 
tion of  fuels  from  these  sources  will  result  in 
increased  emissions  of  nitrogen  oxides  unless  the 
nitrogen  content  is  reduced  prior  to  combustion 
or  a,  capability  for  burning  high-nitrogen  con- 
tent fuels  with  acceptable  NOx  emission  levels 
is  developed. 

The  forecast  for  changes  in  fossil  fuel  re- 
quirements by  the  utility  industry (NERC  1974) 
for  the  period  1974  to  1983  is  that  coal  usage 
will  increase  from  417  to  742  million  tons/year 
(approximately  10.8  to  19.3  x  10l5  BTU/year) , 
oil  from  685  to  968  million  barrels/yea>  (approxi- 
mately 4.0  to  5.6  X  10^5  BTU/year) ,  and  natural 
gas  from,  2. 8  to  1.9  x  10^-^  cubic  feet/year  (ap- 
proximately 2.9  to  2.03  X  10l5  BTU/year).  These 
projections  lead  to  the  conclusion  that  if  all 
utility  boilers  by  1983  emitted  at  levels  equal 
to  the  standards  for  neW  sources,  the  total  emis- 
^  sions  would  increase  frdm  the  estimated  5.9  x  lOo 
tons/year  in  19  72  to  aboTdt  8  x  irO^  tons/year  in 
1983.    (More  detailed  projections  of  future  emis- 
sions under  various  assumptions  can  be  found  in 
Appendix  14-C.) 
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It  is , expected  that  synthetic  gaseous  and 
liquid  fuels  derived  from'  coal  will  be  used  to 
meet  the  deficit  between  -the  U.S.  production  and 
demands  for  these  fuels.     Little  is  known  on  the 
NOx  efoission  potential  of  new  fuels. 

High  bTU  gas  is  exjiected  to  follow  the  be- 
havior of  natural  gas.     Low  BTU  and  intermediate 
BTU  gas  will  generally  have  relatively  low  flame 
temperatures  and  therefore  low  thermal  NOx 
emissions.     EPA  sponsored* tests  with  a  180  BTU. 
gas  yielded  NOx  levels  less  than  a  tenth  the  value 
obtained  with  a  natural  gas  fired  under  the  same 
conditions   (Martin  1974).     Ammonia,  pyridine,  and 
hydrogen  cyanide  and  pther  nitrogen  containing, 
compounds  are  produced  in  the  coal  gasification 
process.     The  fuel  NOx  emissions  will  depend  to 
a  large  extent  on  thd  gas  clean-up  process;  they 
will  be  low  when  conventidhal  low-temperature  , 
high  efficiency  scrubbing  systems  are  used  but 
m'ay  be  significant  if  a  high  temperature  desul- 
furization  step  is  used.     The  nitrogen  content 
is  mor^  likely  tp*  be  high  in  syntl^etic  liquid 
fuels  since  the  sulfur  is  more  readily  removed 
than  the  ni^trogen  by  catalytic  hydrogenation. 
"Potential  problems  with  fuel  NOx  should  be  an- 
ticipated in  the  combustion  of  synthetic  fuels 
derived  from  coal. 

Alcohol  fuels  have  been  proposed  as  alter- 
natives to  liquid  natural  gas  and  also  as  a 
possible  product  from  conversion  processes  for 
coal  or  solid  wastes.     A  probable  composition 
of  alcohol  fuels  is  90  percent  methanol  with  the 
balance  containing  higher  alcohols   (Martin  1974) . 
Methanol  can  be  considered  the  equiva^lent  (from 
an    energy  viewpoint)  of  a  mixture* of  approximately 
equal  mass  of  a  CH2  fuel  and  watar.     Studies  by 
the  EPA  on  the  cdmbustijj^n  of  methanol  with  5 
percent  excess  air  in  a  hot  refractory  wan  fur- 
nace  (wall  temperatures  in  excess  of  2500F)  found 
NOx  emission  levels  a  factor  of  4  lower  than 
those  from  a  distillate  oil  and  a  factor  of  3 
low^r  than  those  from  propane   (Martin  1974) . 
Blending  higher  alcohols  in  the  methanol  increased 
the  emissions  but  even  with  a  50-50  blend  of 
"methanol  and  isopropanel  the  emissions  were  be- 
low 150  ppm  (approximately  0.2  lbs/10^  BTU) (Martin 
1974). 
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Surface  Combustion 

In  surface  combustion  very  lov/  thermal  NOx 
emissions  are "achieved  by  reducing  the  peak 
flam^  temperatures  below  the  levels  attainable 
in  conventional  combustors.     The  lov/  temperatures 
are  achieved  either  .by  very  lean  fuel  combustion 
on  a  catalyst  bed  or  by  heat  transfer  from  a 
flame  layer  to  an  adjacent  cooled  solid  surface 
(Roessler  et  al.  1973). 

Emission  levels  as  low  as  0.005  lb  NOo/lO^ 
BTU  have  been  reported  for  a  catalytic  comBustor 
designed  to  simulate  gas  turbine  operating  con- 
ditions ahd  achieving  very  high  combustion  ^ffici 
encies  at  an  energy  release  3.5  x  106  BTU/(atm) 
(hr) (ft) (Blazowski  and  Bresowar  1974).  Cata- 
lytic surface  combustion  has  been  proposed  for 
stationary  gas  turbines,  electric  utility  boilers 
and  small  space  heating  equipment;  however,  sever 
al  problems  must  be  solved  before  catalytic  sys- 
tems become  accepted  commercially. 

Emissions  from  non-catalytic  surface  com- 
bustion systems  arf  quite  lov;,   0.005 -to  O.IO  lb 
NO2/I06  BTU   (Roessler  et  al.   1973).     Porous  plate 
combustors  have  been  proposed  for  utility  boiler 
and  stationary  gas  turbine  applications but 
several  problems  must  be  resolved  before  the 
technique  is  practical. 


Flue  Gas  Treatment 

The  costs  for  removal  of  NOx  from  tail-gases 
are  generally  higjier  than  those  associated  with 
reducing  NOx  formation  in  the  combustion  process. 
Major  emphasis  in  the  U.'S.  has*  been  on  combustion 
process  modification  since  it  permits  the  con- 
struction of  nevj  equipment  that  can  meet  existing 
standards.     A  considerably  smaller  effort  has 
been  devoted  to  flue-gas  treatment.     Faced  with 
more  stringent  emission  standaords,  Japanese  in- 
dustry has  been  much  more  interested  in  flue- 
gas  treatment  and  has  several  major  pilot  plants 
in  operation  and  full-scale  plants  under  construe 
tion   (Tohata  1974) .  ' 

A  number  of  methods  have  been  proposed  for 
reducing  NO  concentrations  in  stack  gases.  The 


(5f 

882 

processes  that  have  proceeded  farthest  tov/ards 
full-scale  demonstration  are  the  catalytic  re- 
ducbiofi  of  NO  v/ith  ammonia  or  hydrocarbons;  the 
oxidation  of  NO  to  NO2  using  CIO2  follov/ed  by 

'the  reduction  of  NO2  to  N2  by  Na2S03' 
addition  of  NO2  to  produce  an  equimolal  mixture 
pf  NO  and  NO2  followed  by  absorption  in  Mg(0H)2f 
a  process  that  ha.s  the  advantage  of  also  removing 
SOx.     A  number  of  problems  remain  to  be  -resolved, 
however/  before  these  methods  can  be  considered 
to  be  practical. 

Selective  reduction  of  NO  to  N2  using  NH3 
and  a  noble  metal  catalyst  is  being  explored  on 
a  pilot  scale  in  the  U.S.     For/a  stack  gas  with 
a  concentration. 'of  225  ppjn  NOx,  ninety  percent 
removal  of  the  NOx  has  been  Achieved  but  fin  the 
process, some  unreacted  NH3    (approximately  25  ppm) 
escaped..     The  selective  reduction  of  NO  by  NH3 

•  can  also  be  achieved  without  a  catalyst  by  carry- 
ing out  the  reaction  in  the  temperature  range  of 
1600  to  20O0F   (Lyon  1974).'     In  laboratory  tests, 
efficiencies  of  NOx  removal  as  high  as  99  percent 
have  been  attained  with  negligible  emissions  of 
NH3. 

Although  flue-gas  treatment  cannot  compete 
economically  with  combustion  process  modification 
at  present  it  provides  an  option  for  additional 
control  when  the  need  for  such  control  is  dictated 
by  severe  local  environmental  problems. 


INSTITUTIONAL  CONSTRAINTS 

Due  to  the  nature  of  the  industries  involved, 
and  because  of  the  number,  And  diversity  of  types 
and  modes  of  operation  of  the  equipment,  there 
are  a. number  of  constraints  on  the  achievement 
of  Ipw  nitrogen  oxide  emissions  from  stationary 
sources,  particularly  in  retrofit  operation.  The 
costs  of  retrofit  to  meet  NOx  emission  stcindards 
may  be  small  compared  to  tlje  value  of  the  equip-? 
ment  to  be  modified;  however,  the  total  Capital 
available  may  not  be  adequate  to  finance  the  un- 
budgeted  retrofit  of  a  network  of  equipment. 

The  scheduling  of  equipment  outages  for 
modifications  may  pose  a  severe  constraint  on 
the  rate  of  retrofit  in  electric  utilities. 
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Some  modificationo  may  be  prepared  in  advance 
and  installed  during  scheduled  outages.  r^ajor 
modifications  which  require  longer  times  for 
inotallation  may  require  special  outages  thus 
put;ting  extra  demands  on  other  equipment.  In 
order  to  maintain  adequate  system  generating 
capacity,  these  modifications  v/ould  require 
careful  scheduling,  particularly  if  neighboring 
utilities  from  whom  the  required  power  would 
usually  be  purchased  are  undergoing  similar 
outages  for  system  modification. 

The  number,  lifetime,  and  diversity  of 
smaller . stationary  sources  may  limit  the  rate 
of  changeover  to  low  NOx  operation.  Units 
operated  by  a  small  number  of  users,   such  as 
stationary  gas  turbines  for  electric  power  gen- 
eration,  stationary  engines  for  pipelines,  and 
large  industrial  bpilers,  might  be  modified  un- 
der similar  constraints  as  utility  boilers.  But 
other  engines  and  smaller  boilers  and  furnaces 
are  distributed  among  a  large  number  of  small 
installations.     Retrofit  of  all  units  of  a  par- 
ticular type  may  be  difficult  even  if  a  straight- 
forward modificc^tion  is  developed,  since  it  may 
be  impossible  to  locate  and  assure  compliance  of 
all  uni-ts. 

Fuel  availability  poses  one  of  the  most 
severe  constraints  on  achieving  low  NOx  emissions. 
.  The  fuels  for  which  the  NOx  emissions  are  gener- 
ally lowest,  i.e.,  natural  gas  and  distillate 
oils,  are  now,  and  are  likely  to  remain,  in 
short  supply.     This  will  probably  result  in  in- 
creased reliance  on  heavy,  nitrogen  containing 
oils  for  large  commercial  boilers,  some 
trial  boilers,  and  stationary  gas  turbin^p|/ith 
a  corresponding  increase  in  NOx  emissions  in  the 
absence  of  controls.     The  large  sources,  utility 
boilers  and  industrial  boilers,  will  probably 
use  more  coal,  also  with  an  increase  in  the  un- 
controlled NOx  ^emissions.     Synthetic  fuels,  both 
liquid  and  gas,*  produced  from  coal,  which  is  the 
largest  fossil  fuel  reserve  of  the  U.S.,  and 
shale  oil  contain  veYy  high  proportion    of  fuel 
nitrogen  unless  they  undergo  expensive  denitro- 
genation   (although  some,  but  not  all,  of  the  fuel 
nitrogen  is  removed  during  the  desulf urization  of 
these  fuels).     Therefore  these  fuels,  too,  may 
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significantly  increase  MOx  emissions  from  the 
f^nJ  "hich  use  them  unless  control 

techniques  are  developed  and  applied 
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APPENDIX  15-A 

CONVERSION  FACTORS 

NOx  emissions  from  combustion  sources  are 
commonly > reported  on  several  bases  including: 

1.  Lbs/10     BTU,  where  the  lbs  are  pounds 
of  NOx  expressed  as  the  equivalent 
v/eight  of  NO2  and  v/here  BTU  refers  €0 
the  heating  value  in  the  fuel  fired. 
The  metric  equivalent  of  grm/10 
calories  can  be  obtained  by  multiply- 
ing the  figures  for  lbs/106  BTU  by  1.8. 

2.  Parts  per  million   (ppm)    for  a  dry  gas 
at  3  percent  O2 .     The  conversion  from 
ppm  to  lbs/10^  BTU  depends  on  fuel 
composition  and  heating  value.     For  the 
three  major  fossil  fuels  in  use  to-day 
lbs/10     BTU  may  be  converted  to  ppm  at 
3  percent  O2  using  the  follovjing 
multiplication^  factors: 

gas  840 
oil  767 
coal  714 

3.  Parts  per  million   (ppm)    for  a  dry  gas 
at  15  percent  O2 .     This  emission  factor 
is  favored  by  EPA  for  gas  turbines.  To 
convert  from  ppm  at  15  percent  O2  to 
ppm  at  3  percent  02^  multiply  by  3. 

4.  Lbs/ton  of  acid  for  nitric  acid  plants. 
TO. convert  to  ppm  at  3  percent  02^ 
multiply  by  a  factor  of  approximately 
75. 

For  the  most  part,  emissions  in  the  text 
v/ere  reported  in  lbs/10^  BT,U  because  the  Feder- 
al emission  standards  for  new  large  steam-gener- 
ating plants  are  stated  in  these  units.  It 
should  be  noted  that  this  method  of  describing 
missions  provides  no  credit  for  either  increased 
thermal  isfficiency  of  a  steam  generating  plant 
or  increased  cycle  efficiency  of  a  steam-elec^^ — ^.  ^ 
trie  cycle.     It  would  seem  appropriate  that  ^s 
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advanced  cycles  are  considered  with  potential' 
increases  in  efficiency  of  conversion  of  ther- 
mal to  electrical  energy,  emissions  should  be 
compared  on  the  basis  of  electrical  power  out- 
put (or  useful  energy  iDut^jut)   rather  than  on  the 
basis  of  thermal  input.  ' 
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APPENDIX  15-B 

CONTROL  TECHNIQUES  FOR. INTERNAL 
'  COMBUSTION  ENGINES 


DIESEL  ENGINES 

The  effect  of  fuej.  injection  timing  re- 
tard on  diesel  engine  emissions  has  been  deter-^ 
mined  experimentally  by  many  investigators,  and 
the  available  test  data  are  in  reasonable  agree- 
ment for  all  diesel  classes.     The  first  few 
crank  angle  degrees  retard  are  particularly 
effective  in  reducing  NOx  (M^Gov/in  1Q73,  Roessler 
et  al.   1974^  Schaub  and  Beigh'tol  1971).  For 
most  engines,,  injection  retard  is  probal:^  li- 
mited to  about  6  degrees  or  less  because  fuel 
consumption  increases  rapidly  beyond  that  point. 
Typically,   6  degrees  retard  recfuces  NOx  emissions 
by  about  40  percent  v/hile  increasing  specific 
fuel  consumption  and  carbon  monoxide  emissions 
by  about  4  and  SO  percent,  respectively.  This 
technique  requires  only  minor  '  hardv/are  changes  r 
or  none  at  all,  and  can  be  incorporated  in  both 
nev;  and  existing  engines.     Potenrtial  problems 
include  effects  upon  exhaust  valve  and*  turbo- 
charger  durability  v/hich  might  be  adversely  - 
affected  fey  increased  exhaust  gas  temperatures. 

Optimization  of  the  fuel  injection  system - 
may  produce  modest  reductions   (20  percent  for 
one  engine)    in  NOx  without  increasing  fuel  con- 
sumption.    These  techniques  might  be  applied  to 
both  nev;  engines  and  retroff>t  installations,  but 
littjle  information  is  available  tO  make  cost 
effectiveness  evaluations. 

Water  injection  into  the  intake  system 
(water  induction)   is  an  effective  method  for 
reducing  NOx  emissions    (McGowin  1973,  Roessler 
et  al.   1974,  Schaub  and  Beightol  1971).  Typical- 
ly a  water  induction  rate  approximately  equal  to 
the  fuel  injection  rate  reduces  NOx  emissions  by 
about  50  percent  v/ith  very  little  change  in  fuel 
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consmiption.     Water  induction  could  be  applied 
fairly  easily  to  both  nevj  and  existing  engines, 
but  problems  of  corrosion  and  vvear  of  the  intake 
system,  intake  valves,  and  vjater  injection  noz- 
zles,  and  of  degradation  of  the  lubricaiton  oil 
vjQuld  have  to  be  resolved  before  the  technique 
could  be  applied  to  stationary  engines.  These 
problems  might  be  alleviated  by  using  distilled 
or  demineralized  water,  which  would  increase 
cost,  or  by  water  injection  in  the  form  of  emul- 
sified fuel,  which  could  cause  increased  fuel 
system  corrosion. 

Exhaust  gas  recirculation    (EGR)   has  been 
shown  to  be  a  very  effective  NOx  abatement  tech- 
nique, particularly  where  the  exhaust  gas  is 
cooled  before  admission  into  the  intake  manifold 
(M^Gowin  1973,   Roessler  et  al.   1974).  Incorpor- 
ation of  10  percent  cooled  EGR  typically  results 
in  about  50  percent  reduction  in  NOx  emissions, 
1.5  percent  increase  in  fuel  consumption,  and 
100  to  150  ^percent  increase  in  CO  and  smoke 
(Roessler  et  al.    1974).     Corrosion  and  deposit 
build-up  in  the  EGR  circuit,  particularly  in  the' 
EGR  cooler;  excessive  engine  wear;   and  fuel  oil 
contamination  are  potential  problem  areas. 

Reduction  of  the  air  intake  temperature  re- 
duces NOx  emissions  by  about  20  p!>ercent  per  lOOF 
temperature  drop,  with  a  slight  reduction  in  fuel 
consumption   (Roe.^ler  et  al.   1974).     m  turbo- 
charged  diesels,   intercooling   (cpoling  the  com- 
pressed intake  air)    is  a  proven  technique  to  in- 
crease the  pov/er  output  capability  of  the  engine 
and  to  lower  its  specific  fuel  consumption.  Ad- 
ditional improvements  in  engine  performance  and 
NOx  emissions  might  be  achieved  by  further  cool- 
ing the  compressed  intake  air.     By  combining 
turbocharging    (which  generally  increases  NOx 
sn^issions)  ,  retarded  injection  timing,  'and  inter-* 
cooliny,   NOx  reductions  of  up  to  35  percent  have 
been  demonstrated  without  any  loss  in  fuel  con- 
sumption comparjad  to  the  equivalent  naturally 
aspirated  engine    (Roessler  et  al.  1974). 

Derating  an  engine  by  reducing  engine  load 
at  rated  speed  may  reduce  NOx  slightly  for  tur- 
bocharged,  direct  inject*'*  on  diesels,  while  in- 
creasing the  investment  cost  per  horsepower 
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chamber  modifications,  other  than  divided  cham- 
ber, also 'provide  small  benefits.  Prechamber 
diesels  have  inherently  lower  emissions  than 
comparable  direct  injection  diesels  and  warrant 
further  development. 

NOx  can  be  revoved  from  the  e:chaust  ^ases 
by  catalytic  reduction  by  CO  or  hydrogen  in  the 
presence  of  low  oxygen  concentrations 'or  by  an 
added  reducing  agent  such  as  natural  gas  or  ^ 
ammonia   (]yicGowin,1973)  .  Very  high  removal  effici- 
encies have  been  observed,   ^significant  development 
work  will  be  required  before  Vide  scale  appli- 
cation will  be  practical  and  the  coat  H  likely 
to  be  relatively  high   (McGowin,   1973).  (One 
estimate  for  a  1000  Bhp^ engine  suggests  a  price 

of)v$3/Bhp)  .  ..    ...   1       ^  ' 

Xl1:  is  difficult  to  assess  the  initial  and 
maintelitance  costs  for  the  various  contrcpl  tech-  * 
niques  accurately  in  view  of  the  very  limited  ^ 
emission  control  v/ork  conducted  to  date-  In- 
corporation of  a  turbochar^^er  on  a  medium  size 
diesel  has  been  estimated  to  increase  the  cost 
by  about  10  percent,  or.  $2. 5a  to  $3.00  per  horse- 
pov/er.     The  percentage  cost  increase  in  1^^^ 
stationary  diesels  is  somewhat  lower  (Roess^^pr 
et  al.   1974).    'Addition  of  an  intercooler,  would 
add  about  $6.30  to  ,$0.50/hp  while  increa^sing 
the  operating  efficiency.     It  is  estimated  that 
the  initial  cost  of  ^a  water  injection  system 
would  be  comparable:  to  that  of  a  fuel  injection 
system,  with,  possible  additional  costs  for  water 
purification  or  distillation  equipment.  The 
cost  of  a  typical  emission  control  system  has 
been  estimated  at  $1.25  to  $3.00/hp  with  a 
related"  maintenance  cost  increase  of  about  10 
to  15  percent:.  | 

Estimates  of  th.e  operating  cost  of  NOx 
reduction  equipment  and  techJniques  in  terms  ^f 
fuel  cost  aloiie  indicate  thajt  timing  retard  is 
the  least  cost-effective  technique  (R9essler 
et  al.   1974).     Water  inductitDn  produces  only 
small 'changes  in  the  operating  cost.  Intake 
cooling,  either  alone  or  combined  with  10  percent 
EGR,  reduces  the  specific  fuel  consumption.  o 
Exhaust  gas  recirculation  or  increased  fuel  in-^ 
jection  rate  combined  with  timing  retard  may 
achieve  moderate  NOx  reductions  wi.th  small  fuel 
consumption  increases . 


890 


Of  the  techniques  discussed,  only  fuel  in- 
jection timing  retard  requires  no  hardware  changes 
for  NOX  control,  but  it  is  the  least  cost  ef- 
fective technique  considered.     Injection  timing 
retard  combined  with  an  optimized  fuel  injector 
improves  the  fuel  consumption  and  is  applicable 
for  both  nevj  and  retrofit  application.  Intake 
cooling  combined  v/ith  EGR,  Wbter  injection,  or 
timing  retard  appears  to  be  a  very  attractive 
technique.     Water  injection  and  prech'kmber  de- 
sign diesels  are  other  techniques  ^hiph  show 
promise  for  near  term  control. 

Over  the  longer  term,  prechamber  diesel 
engines  utilizing  a  combination  of  techniques 
such  as  intake  cooling,  EGR,  or  water  injection, 
and  catalytic  reduction  of  NOx  in  the  exhaust 
may  yield  lower  NOx  emissions  with  low  specific 
fuel  consumption   (McGowin  1973,  Roessler  et  al. 
1974) . 


SPARK  IGNITION  ENGINES 

Due  to  the  efforts  over  recent  years  to  de-  • 
velop  emission  control  techniques  for  automobile  ' 
engines,  many  NOx  control " strategies  are  well 
defijied.     A  fuel  rich  mixture  results  in  low 
NOx  emissiqns  at  the  expense  of  increased  CO  and 
Hydrocarbon  emissions (which  can  be  reduced  with 
catalytic  converters  or  thermal  reactors)  and 
increased  fuel  consumption   (Roessler  et  al.  1974) 
Very  fuel  lean  combustion  which  would  result  in 
the  lov/est  emissions  of  all  three  pollutants 
appears  feasible  only  by  means  of  fuel  strati- 
fication or  improved  carburation  or  fuel  injec- 
tion.    Stratified  charge  offers  the  possibility 
of  substantially  reduced  emissions  and  of  reduced 
fuel  consumption   (  Jonke  et  al.-  1971,  McGowin 
1973) .     Since  application  of  this  technique 
would  -require  redesign  of  the  engine,  further 
development  work  is  required. 

Reducing  the  temperature  of  the  fuel/air 
mixture  results  in  a  decrease  in  NOx  emissions 
and.   generally,  in  the  specific  fuel  consumption 
(McGowin  et  al.).     Temperature  reduction  can 
be  accomplished  by  eliminating  inlet  manifold 
heating  in  gasoline  engines  and  by  passing  the 
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air  through  an  evaporative  cooler  in  gas  engines 
(  Roessler  et  al .   1974).     In  the  latter  case  NOx 
emissions  would  be  even  further  reduced  because 
of  the  increased  moisture  content  of  the  air. 
Reducing  the  coolant  temperature  also  results 
in  moderate  NOx  reductions,  e.g.,   20  percent  by 
decreasing  the  coolant  temperature  from  370  to 
212F. 

Water  injection  can  reduce  the  NOx  emissions 
by  as  much  as  8  0  percent,  but  this  may  be  accom- 
paniecT^ByVnore  than  a  10  percent  increase  in  fuel 
consumption  based  on  tests  on  a  larger  gas  engine. 
Results  obtained  on  a  single  cylinder  test  en- 
gine have  shown  comparable  reductions  in  NOx 
with  a  2  percent  ifeduction  in  fuel  consumption 
suggesting  that^the  fuel  consumption  of  the 
larger  engip^might  be  improved   (Roessler  et  al. 
1974)  . 

Exhaust  gas  recirculation  can  reduce  NOx 
emissions  by  as  much  as  much  as  80  percent, 
but  the  fuel  econojwy  loss  is  considerable 
(McGowin  1973,   Rosier  et  al .   1974).  However, 
if  only 'five  to  ten  percent  of  the  exhaust  gas 
is  recycled,   advancing  the  spark  timing  or  al- 
ternating the  mixture  fuel-air  ratio  can  be 
used  to  minimize  the  loss,  making  40  percent 
NOx  reductions  possible.     However,  as  with  all 
techniques  for  NOx  control  for  spark  ignition 
engines,   the  effects  of  the  control  technique 
on  engine  durability  must  be  established  before 
it  can  be  applied  to  stationary  engines,  which 
may  have^a  useful  life  of  30  years. 

Increasing  the  engine  speed  at  constant 
power  results  in  a  substantial  r^uction  in  . 
NOx,  but  the  effects  on  engine  ^ife  might  be 
significant    (McGowin  et  al.,   MdGowin  1973, 
Roessler  et  al.    1974).     Valve  timing  can  be 
modified  to  increase  the  quantity  of  combustion 
products  retained  in  the  cylinder  from  cycle  to 
cycle    (in  effect,   internal  EGR)    reducing  NOx 
with  little  or  no  penalty  in  fuel  consumption 
(Roessler  et  al.  1974). 

Ignition  timing  retard  can  produce  moderate 
'    reductions  in  NOx  accompanied  by  a  loss  m 

engine  power  and  fuel  economy.     Furthermore,  at 
hiqh  loads,  overheating  or  burn-out  of  exhaust 
valves  may  occur    (McGowin  et  al.,  McGowin  1973, 
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Roessler  et  al,  1974), 

A  meaningful  assessment  of  the  cost  of 
emission  control  for  large  stationary  gas  en- 
gines has  not  yet  been  performed. 


GAS  TURBINE  ENGINES 

Emission  control  technology  for  gas  turbines 
has  been  developed  primarily  in  studies  of  auto- 
motive and  aircraft  gas  turbine  errgines  (Roessie^ 
et  al.   1974)     While  the  methods  developed  for 
mobile  sources  may  be  applicable  to  stationary^ 
engines,   strategies  for  stationary  gas  turbine 
NOx  control  should  not  be  limited  to  these  tech- 
niques since  stationary  engines  are  not  subject 
to  the  severe  size  and  weight  limitations  of 
mobile  engines,     in  addition,   the  problems  of 
emission  control  may  be  complicated  by  the  com- 
bustion of  residual  oils  which  will,  according 
to  a  recent  electric  utility  projection  (NERC 
1974)  ,  account  for  40  percent  of  the  fuel  burned 
in  gas  turbine  generating  sets  by  1983.  The 
^heavier  fuels  require  increased  residence  times 
of  the  hot  gases  for  complete  combustion,  re- 
sulting in  increased  thermal  NO  formation 
(Johnson  and  Scheifer) ,     Further,   the  heavier 
fuels  may  contain  significant  fuel- nitrogen . 
These  problems  have  not  been  resolved  in  the 
studies  to  date,     it  is  clear  that  fuel  nitro- 
gen may  substantially  increase  the  NOx  emissions 
(Johnson  and  Scheifer) ,  making  limitations  on 
the  nitrogen  content  of  the  fuel  necessary  if 
the  proposed  EPA  emifesion  standards  for  oil  com- 
bustion  (75  ppm  NOx  at  15  percent  oxygen)  are 
to  be  met. 

Several  combustion  modifications,  which  are 
applicable  to  present  combustor  designs,  have 
achieved  modest  NOx  reductions.     These  include 
air-blast  or  air  assist  fuel  atomiza^ion  (which 
can  reduce  the  fuel  droplet  size  b^^ore  than} 
50  percent),   leaving  the  primary  zone,  quenching 
the  flame  early  in  the  combustor,   and  internal 
flow  recirculation    (Roessler  et  al.   1974) .  NOx 
reductions  achievable  using  these  techniques 
are  small,  but  the  costs  are  low. 

Water  or  steam  injection  has  been  shown  to 
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be  a  very  effective  technique  for  NOx  control, 
capable  of  meeting  current  standards  for  sta- 
tionary gas  turbine  NOx  emissions    (Dibelius  et 
al,    1970,   Hilt  and  Johnson  1971,   Klapatch  and 
KoMish,  Roessler  et  al.   1974  ,   Shaw  1974b, 
Singh  et  al.    1971,   Winship  and  Brodeur  1972), 
Siting  flexibility  is  somewhat  reduced  by  the 
requirements  for  water  in  quantities  comparable 
the  f^jc^l  supply.     Furthermore,  to  avoid  detri- 
mental effects  on  turbine  durability  the  water 
has  to  be  purified  to  a  maximum  of  2  to  5  ppm 
of  dissolved  solids.     The  added  costs  of  the 
v/ater  injection  system   (6  to  10  percent  of  the 
baseline  cost  of  a  large  gas  turbine) ,  water 
treatment,  and  the  water   ( 5  to  7  percent  of  the 
baseline  operating  cost)  must  be  considered  in 
the  application  of  this  technique   (Roessler  et 
al,   1974).     For  small  gas  turbines    (less  than 
2  Mw)    the  costs  may  be  prohibitive.     h  decrease 
in  the  cycle  efficiency  is  observed  with  water 
injection  since  the  heat  of  vaporization  is  not 
recovered  in  the  cycle.  Steam  injection  increases 
the  mass  flov/  without  additional  turbine  work,  in- 
creasing the  thermal  efficiency.     NOx  reductions 
of  50  to  75  percent  have  been  achieved  v/ith  v/ater 
injection  v;ith  only  slight  increases  in  the  CO 
emissions    (Roessler  et  al.   1974).     Water  injection 
ia  currently  being  used  by  some  utilities  withgi^t 
observed  deleterious  effects  as  long  as  the  v/af||r 
purity  is  maintained  at  a  high  level. 

Several  advanced  combustor  designs  have  been 
proposed  which  may  meet  the  NOx  standards  with 
"dry"^  (no  water  injection)   operation  (Roessler 
et  al.   1974).     Internal  or  external  recirculation 
combined  with  fuel  f^revapori zation  and  ^e^n  pri- 
mary zone  operation  has  demonstrated  this  poten- 
tial   (Roessler  et  al.   1974).     Surface  combustion, 
in  which  combustion  occurs  in  close  proximity  to  a 
cooled  solid  surface,   i.e.,  either  a  porous  bed 
through  which  the  prevaporization  fuel  and  air 
are  injected  or  a  catalyst  bed,   looks  promising 
for  long  term  emission  control.     These  advanced 
methods  v/ill  require  considerable  research  and 
development  before  they  are  applied  to  stationary 
gas  turbines. 
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